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ABSTRACT

The effects of Valloying on the pearlite transformation kinetics and microstructure in 1080 steel
were evaluated. Two industrial wire rod steels, 1080 and 108t\a 0.035 wpct V addition were
isothermally heatreated using dilatometry to assess pearlite transformation rates. A detailed
microstructural analysis, utilizing field emission scanning electron microscopy, was performed to
measurgearlite ILS and colony siz&rain boundary cementite formation and morphology was
evaluated to determine the influence of V in 1080 stdekers microhardneggstingwas employed to
examine the effect of the V addition on hardn&spartitioningprecipitation was analyzed througto
probe tomographfAPT).

Isothermal kat treatments wemnductedvith a focus on achieving isothermal pearlite
transformations at 550, 600, and 650 °C. Care was taken to minimize the temperature increase during
pearlite transformation due to recalescemweJohnsoAMehl-Avrami-Kolmogorov fits were created
using dilatometry datd/ was found taetardthe pearlite transformatipmandinduceanincubation period
prior to transformatiopacross all transformation temperatutestedcompared to the base 1080 &tee
The slowed petite transformation resulted in a refinement of the pearlite ILS and an increase in the
Vickers hardness of the 1080V steghe 1080V steel had a finer pearlite ILS®%8 nm and a higher
hardness by320 HV, compared to the 1080 steel. Calculated yield strengths of the twarstiésdsed
no apparent precipitation strengtheniA§T revealed V clusteysvith average diameters of
approximately 2.6 nm, to form randomly within the ferrite lamellae in samples transformed at 650 °C.
No clusteringwas dete@d by APTwithin samples transformed at 550 and 8C0Proeutectoid grain
boundary ferrite formation was observed to be promoted by the additioardpfoeutectoid grain
boundary cementite formation was suppressed by the presence of V, exhibiting a more discontinuous
morphology at the center of the 1080V wire rod.

APT revealed V partitioning into cementite lamellae at 600 and 650 °@aNiioning of V
occurred for transformations at 550 Zcomparable responseas noted for Cr and Mn, which
partitioned substantially into cementite lamellae at 600 and 650 °C, but remained homogeneous in the
microstructure for transformations at 550 @anversely, Si and Cu partitioned substantially into ferrite

lamellae at all transformation temperatures.
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CHAPTER1 INTRODUCTION

High-C steel wire is usedidespreadrom bridge suspension to rubber product reinforcement,
with tire reinforcement being one of the biggest areas of use. The use-& sligél as wire stems from
the ultrahigh tensile strengths achieved upon drawing and its excellent dudfjlityue to the demand
for weight reduction in commercial applications, such as automotive vehicles, emphasis has been placed
on further strengthening these materials. Commercial methods used to strengthen steel wire include
drawing, resulting in increasinge work hardening rate. These methods are commonly combined to
create higher strength wirf%. IncreasingC content has also led to higher tensile strengths in drawn
wires. AsC content increases, the ductility of the final product may be challenged. Kigher
concentrations lead to the formation of proeutectoid networks of cementite, decreasing the drawability
and ductility of the wire. To obtain the high tensile strengths of theseChigibels and retain the ductility
and drawability, microalloying has been investigated. Microalloying allows for microstructural control
such as grain refinementmpression of grain boundary ferrite and cementite, and precipitation of alloy
carbides and nitridd8, 4]. Elements such as V, Cr, Nb, and Si have been ut{&e® is a common
alloying element used to increase strength and wear resistance through the precipitation of \[6] or VN

V has been used in var i o[@sMorg  reecedtlyg ¥ has heensatidede | S i
to industrial, highC steel wire rod to increase its tensile strength and wire drawdBjlitiPrevious
literature has analyzed VC precipitation and the effects of V on the microstructure of continuously cooled
high-C wire rod. There currently exidimited research on the role of V partitioning during pearlite
formation and growthorisothermally transformed V microalloyed highwire rod. The currergtudy
investigateshe effects of V partitioning on pearlite transformation kinetics and microstructure in
isothermally heat treated 1080 wire rod with an addition of 0.035 wt pct V. A deeper understanding of the
conditions under which V will partition intierrite orcementite during pearlite formation and growth
may be beneficial for higlt wire applicationsA detailed investigation of the microstructure of kigh
wire rod microalloyed with V will also provide useful information on the influence of V on the pearlite
ILS and colony size and their contributions to mechanical properties.

The current work incorporates a review of relevant literature, dilatometry to analyze pearlite
transformation kinetics, field emission scanning electron microscopy and Vickers hardness to investigate
the effect of V on the pearlite microstructure, andrapsobe tomography to evaluate V partitioning and

V(C,N) precipitation.



CHAPTER2 LITERATURE REVIEW

2.1 Introduction

This section outlines the microstructural evolution of higytvire rod during production and wire
drawing. Effects of V on the microstructure are discussed, along with the mechanisms and kinetics of
pearlite formation and growth. Methods for measuringljgeanterlamellar spacing and modeling phase
transformations are presented. Atom probe tomography is outlined and reviewed.

2.2 Wire Rod Production

Wire products are typically produced in a similar fashion despite differences in diameters and
lengths. Processing of these products can be broken down into four major steps: steelmaking and casting,
hot rolling, cold drawing, and potentially patenting &mdher cold drawing. Chemical composition is set
during steelmaking in which molten iron is alloyed with carbon and other elements and continuously cast
into billets or blooms. The next step is hot rolling in which the billet is passed between metspbé s
rotatingrolls to reduce its diameter. The hot rolling step is performed at elevated temperatures to allow
for significant deformation of the steel billet. The steel is hot rolled into wire rod with a diameter ranging
from 5 to 25mm [8]. After being rolled to the desired size, the wire rod is cooled in a controlled manner
by e.g.,utilizing a Stelmor deck. The Stelmor process involves laying the wire on a conveyor and forcing

air from beneath to control the cooling rate. A sketch of a Stelmor deck can be Bepme.1.

water cooling

air cooling wire loops
conveyor >
plenum S % Feidh
«— blowers
Figure2.1 Sketch of a SteImazooling deck showing the laying of wire in overlapping loops ab

blowers forcing air through the conveyor to contobling rateg9].

A typical Stelmor process allows for a controlled cooling rate that incorporates both isothermal
holding segments and continuous cooling segmeéigare2.2 shows a simulated and experimental
temperature versus time plot for a Stelmor cooling process with a laying head temperaturgCoai8&0
an average cooling rate of 104 [10], which is aracceleratectooling rate, often used for mediuto

high-C steels intended for direct drawing applications, tire cord, tire bead, and wii8rope



Figure2.2

Cold drawing is the process of further reducing the diameter of the wire rod produced during hot
rolling by pulling the rod through a series of carbide dies. Each successive die has a smaller diameter,
d i langtle Reslucingathre avireidianteteresaaighty g

reduci

Simulated and experimental temperature vs. time plot of a Stelmor cooling proces
eutectoid steel wire with a diameter of Or@llaying head temperature of 83D, and average cooling
rate of 10A CAK0].
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effective strengthening mechanism for pearlitic steels, as shokiglne2.3.

Figure2.3

Cold drawing is an extreme deformation process that imparts a lot of strain which causes a high
degree of work hardening that can lead to wire drawing failures. To combat this, a process known as

patenting is performed to alleviate the strain that accussiduring drawing by developing a new

Strength versus inverse diameter for a hypereutectoid steglid]re
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microstructure. Patenting is a heat treatment performed by passing the cold drawn wire through a series of
tube furnaces or through a bath of molten [gjdPatenting develops a freahd refinecpearlitic

microstructure by raustenitizing the wire at ~9TZ and then holding at a transformation temperature of
between 500C and 600C [8, 12]. The exact transformation temperature utilized is dependent on the

steel chemistry. With the new microstructure set, further drawing can be performed to create wire with
extremely small diameters, such as wire for tire cord which ranges froom@n16 038 mm, further

increasing the maximum strength of gteel[2].

2.3 Wire Composition and Microstructure

Steel wire rod and drawn wire typically has a high C content at or above the eutectoid
concentration, 0.77 wt pct C. A high C content is desired as the eutectoid microstructure, known as
pearlite, is directly responsible for the high strengths obserwsitérapplications. Pearlite is a
microconstituent composed of laminated ferrite and cementite layers, also known as lamellae. Cementite,
being a brittle carbide phase, is generally undesired in steels. However, due to the lamellar nature of
pearlite, thincementite lamellae are surrounded by the much more ductile ferrite phase, allowing for more
ductile behavior in extreme deformation scengid@3. Pearlitic cementite is a major contributor to the
high tensile strengths observed for steel wire rod.

The desired microstructure for wire rod is fully pearlitic. Control of the pearlitic microstructure
allows for the extreme deformation required to reduce diameter during drawing operations. The amount
of cold work that can be performed without damage ¢ardid is dependent on the fineness of the pearlite.
The fineness of pearlite is more commonly referred to as the interlamellar spacing (ILS), which is a
measurement of the distance between two adjacent cementite lamellae. Coarse pearlite in eutectoid steel
can be created by cooling to transformation temperatures arouri@€ 7gJ7 Coarse peatrlite is
undesirable due to the high degree of work hardening that doowise with a small total reduction in
area. Fine pearlite, however, allows for a much greater reduction in area. Fine pearlite for eutectoid steels
can be formed at a transformation temperature of aroun8@48d lowel8]. Figure2.4 shows an
example of coarse and fine pearlite formed in eutectoid steels.

The microstructure for higle steels is highly dependent on thermal processing and can have
moremicroconstituents and phadé® bainite and martensite when cooled at faster rates. Both bainite
and martensite are undesirable in wire steels as both are harder which can cause a decrease in ductility.

Hard inclusions are also avoided.



Figure2.4 (a) Coarse pearlite and (b) fine pearlite formed in eutectoid stee[&ire

2.3.1 Proeutectoid Cementite

Increasing the C content in pearlitic steels has been proven to increase tensile $a8enyitis
the increase in tensile strength comes an increase in the amount of proeutectoid cementite formed. Higher
C content steels, also known as hypereutectoid steels, are a classification for those with C concentrations
at or above 0.8 wt pct. According the FeC phase diagram, the cementite phase begins foraing
equilibriumbefore the pearlite transformation starts for C concentrations above 0.77 wt pct. Proeutectoid
cementite forms along austenite grain boundaries upon cooling from the austergtelpisgmsan lead to
the formation of a continuous grain boundary network of brittle cemehiifare2.5 shows an example
of a continuous grain boundary cementite network in a 1.34 wt pct C steel isothermally transformed at
650°C for 5 s[14].
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Figure25 Continuous grain boundary cementite in a 1.34 wt pct C steel isothermally transfo
650 °C for 5 §14].

Grain boundary cementite has been observed to connect and develop into pearlitic cementite
lamellae as well in near eutectoid steBigure2.6 shows transmission electron microscopy (TEM)
micrographs of continuous grain boundary cementite precipitated in a 0.81 wt pct C wire steel with an



11.7 wt pct Mn additiofil5]. Khalid and Edmonds found that this near eutectoid steel behaved in a more
hypereutectoid fashion possibly due to the high addition of Mn. The proeutectoid cementite was clearly
observed to be connected to the pearlitic cementite lamellae, promotingtlembrnt of the wire.

(b)
Figure2.6 TEM micrographs of a 0.81C1.70Mn steel showing: (a) continuous grain boundary
cementite film, and (b) cementite lamellae attached to the grain boundary cemenfit&]film

Embrittlement due tthe presence giroeutectoid cementite can be mitigated through the
patenting process, however this adds cost to the wire drawing production. Therefalepibéneficial
to avoid the precipitation of grain boundary cementite during the hot rolling process of wire rod
production. One method that can be utilized to minimize this precipitation is microalloying. Additions of
Si, Cr, and other alloying elements caportedlysuppress the proeutectoid cementite transformation
[16]. Microalloying elements commonly used to increase the strength of the wire can also shift the
eutectoid C content, affecting the amount of proeutectoid cementite formed before the pearlite

transformation begins.

2.3.2 Microstructural Evolution During Wire Drawing

Cold-drawnhigh-C steel wireshavethe highest tensile strengths of all steel prodwdts
strengths up to-6 GPg[17]. The fully pearlitic microstructure efeareutectoid steels produckigh
tensile strengths when drawn to small diamet@enentite and ferrite lamellae are the primary reason for
the high strengths achieved in steel wires. When drawn to small diameters, especialijirseter
diameters, a drastic microstructural evolution takes place which includes the alignment@ind tfi

both cementite and ferrite lamellae.



A study by Zhanget al.[17] analyzed the strengthening mechanisms of cold drawn pearlitic steel
wires with aC content of 0.8 wt pct. Fiveire samples were analyzed at different strain hardening stages
representative of the intermediate steps of wire drawing starting with-ffegexsed wire and ending
with the final drawn wire. The gsatented wire had a diameter of 1.26 mm before beihgdrawn
down to a diameter of OrBm. Analysis of the ILS, thickness of the cementite lamellae, and dislocation
configuration and density it¢ ferrite lamellae was reportdegure2.7 shows the trustresstrue strain
curves collected throughout the studg. seen irFigure2.7, the final drawn wire had the highest true
stress, as expected. The increase in tensile strength has a direct correlation to the reduction in area
throughout the wire drawing process. Through TEM, ILS measurements were taken, and thickness of

cementite wa assessed.
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Figure2.7 True stresdruestrain curves for neagutectoid (0.8 wpct C) wires at intermediate ste
of the wire drawing procesgarting with an apatented wire and finishing with a final drawn
product[17].

Figure2.8 shows the cementite thickness and the ILS of the five wire sampléiguire2.8, the
cementite thickness greatly decreases during wire drawing, reducing to anoomnal2r the final
drawing step. ILS also decreases from aroundrB@o 20nm throughout wire drawingrigure2.9 shows
a TEM micrograph of the wire at a strain of 0.6, associated with one of the conditions presented in
Figure2.8. The cementite and ferrite lamellae are known to reorient in the direction of the wire drawing
operation, which contributes to the high tensile strengths sééglre2.7. The cementite lamellae act as
a very effective boundary for dislocations that increase in density as the wire is drawn to smaller
diameters. Another strengthening mechanism suggested by gtalnfi 7] is solid solution hardening of
the ferrite lamellae. During wire drawing, especially at very small diameters and high strains, cementite
lamellae have been noted to decompeseiching the ferrite with €17, 18] For example, one study
involving atom probe tomograpPT) on a highC wire drawn to different strains indicated the
decomposition of cementite during wire drawifggure2.10 shows the 3PAPT reconstructions of a 0.8

wt pct C wire drawn to a true strain of 2 and 5.
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Figure2.9 TEM micrograph showing the edga state of cementite lamellae of a wire at
0.6strain[17].
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Figure2.10  3D-APT reconstructionsf 0.8 wt pct C wires cold drawn to strains of 2 (left) and
5 (right) [18].



At a true strain of 5, th€ atoms are seen to be more evenly distributed across the APT sample,
suggesting the decomposition of cementite lamellae and C enrichment of the ferrite. This is thought to
cause solid solution strengthening in the ferrite due to the interactions betweemtoms and
dislocations, which were shown to have a high density within ferrite. There still appears to be cementite
lamellae in the wire drawn to a true strain of 5, albeit much less defined and separated, which also shows
the reduction of the ILS.

A study by Zelin[19] further characterized the microstructural evolution in pearlitic steels during
wire drawing by analyzing metallographic texture changes and lamellae interfaces. Zelin analyzed
pearlitic steels with C concentrations ranging from 0.8 to 0.96 wt pct C ératpatented, brass plated,
and fine wire drawn using a wet drawing machine. Zelin reported a direct relationship between filament
diameter and lamellar spacing, showrrigure2.11, which is consistent with the relationships developed
by Zhanget al.[17, 19]
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Figure2.11 Relationship between lamellar spacing and pearlitic steel filament diameter after
patenting, brass plating, and cold drawjhg].

Volume fraction of ferrite/cementite interfaces was also estimated undakiahtensile testing
and plane strain deformation. Assuming a pléie shape for the ferrite and cementite lamellae, and the
fact that the lamellae width and length are sigaifitly larger than their thickness, Zelin calculated the
dependence of volume fraction of ferrite/cementite interfacgsaéva function of drawing strain in
Figure2.12[19]. Vi was shown to increase for both wiial stretching and plane strain deformation
conditions up to a drawing strain of 4. The-awial stretching had the greatest increase;im&arly
guadrupling its original volume fraction at a drawing strain of 2.5. [Bhgeincrease in interface volume
fraction is a direct result of lamellae thinning as the ferrite and cementite lamellae are stretched in the
wire drawing direction due to the reorientation of pearlite colonies. Given that the ferrite/cementite
interfaces achs boundaries that inhibit dislocation movement, it is no surprise thel&ageacrease in

tensile strength at greater drawing strains.
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Figure2.12 Calculated dependence of volume fraction of ferrite/cementite interfagese(sus
drawing strair{19].

Zelin [19] quantitatively displayed the reorientation of pearlite colonies as well by analyzing
metallographic texture. Metallographic texture is developed due to the stretching and rotation of pearlite
colonies towards the wire drawing axis. Highly elongated peartilonies evolve as large angle colonies
buckle and align with neighbors in the wire drawing axis. Zd/#} obtained relationships between
anglesU , b, o for pearlitic wires before and after di
angles is shown iRigure213( a) and the relationship between t he
Figure2.13(b). The wire drawing axis for this estimation is along thex}s. Predicted by the waixial
stretching |l aw for plates with different original
shown to rotate and deagsingdrawsgstrdinnNearly all Peartitencglones, wi t h i
regardless of original U angle orientation, are w
reorientation of colonies along the drawing axis, X. The reorientation of pearlite colonieslshdgito

anisotropic characteristics, the most crucial being the high strengths observed in tensile appli®htions
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Figure2.13 (a) Schematic diagram illustrating angles betwéemite/cementite plates and coordin:
axes (b)c h a n g easgle deatermuhing orientation of pearlite colony with respect to the wiré>@xas
a function of drawing straifi19].
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24 Vanadium Microalloying

V is a strong carbide and nitride former, leading to its use for precipitation strengthening. The
solubility of VC in austenite is significantlyreaterthan other microalloying carbides and nitrides,
notably Nb and Ti(C, N)s[6, 20]. According to Gladmaf20], more than 1 wt pct VC can be dissolved
fully in high-C austenite (0.8 wt pct C) at 1,200 °C compared to NbC and TiC which can only be
accommodated up to 0.21 and 0.15 wt pct, respectivgure2.14 shows the solubility products of
carbides and nitrides in austenite as a function of tempeféjurss seen irFigure2.14, the solubility, in
atomic percent, for VC is orders of magnitude greater at all temperatures than any of the other common
carbides and nitrides in austenite. The high solubility of V in austenite withChighels means there is
no restriction on the el of dispersion strengthening imposed by the solubility limit, as opposed to Nb
microalloyed steels which would have a max dispersion strengthening contribution on the order of
50 MPa.
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Figure2.14  Solubility products of carbides and nitrides in austenite as a function of tempg6étu

For medium to high-C steels, the addition of small quantities of V have been shown to increase
tensile strength by considerable amoybi¥, 21, 22] Parusoet al.[7] demonstrated that, with a 0.094
wt pct V addition to a 0.82 wt pct C steel rod, an increase of ME&bin ultimate tensile strength was

achieved when compared tofkée wire rod. Cheet al [5] showed similar results by varying the V

11



concentration between 0 and 0.15 wt pct in a 0.96 wt pct C saw wire steel, achieardemsile

strength of ~BOOMPa, 150 MPa greater than thefiée steel. Though literature exists on the effects of
V microalloying on mechanical properties, there are few sources reporting on the mechanisms responsible

for the increase in tensile strengths.
V additions have also been reported to increase the hardness-@f stieglg3, 5, 21, 2832].

Yield strength and tensile strength has been shown to have a linear correlation to hardness[8%] steels

Thus,

t he

measur ement

usefulguide ar indicatdr 6f sensheastredgth evisich

would often be more laborious to measure. In a study byeHah[27], hypereutectoid steels with

concentrations ranging from 0.94 to 1\6pct were microalloyed with V and Cr to determine their

effects on microstructure and hardness. The samples were austeniti&dD &€ for 10min and

subjected to an isothermal transformation at B@or 3 min before being water quenched. As shown in
Table2.1, both Vickers hardness and tensile strength increased with the addiMavoofpared to a plain

C steel (Steel no. 1 imable2.1). V was noted talter the morphology of the grain boundary cementite

that formed within the V containing stegisaking it less continuous and more distributeeM was

utilized to observe this discontinuous grain boundary cementite, as well as grain boundary ferrite.

can

Typically, grain boundary ferrite is not expected to form in hypereutectoid steels, but the predénce of

promoted the formation and growth of grain boundary ferrite, interrupting grain boundary cementite.

These findings were confirmed in another study by etaal.[34] in which the pearlite transformation

was investigated with single and combined additiorSi@nd V. This study concluded th&tadditions

resulted in the formation of grain boundary ferrite in eutectoid and hypereutectoid steels, umiop@t95

C, for a temperature range of 580660°C. Continuous grain boundary ferrite can be sedfigare

215

Table2.1

Composition (wt pct) and Mechanical Properties of Alloys after Austenitization at
1,050°C for 10 min and Isothermal Transformation at 86Cor 3 min[27]

Tensile Strength

Steel no. C Cr Mn Si \% HV (5 kg load) (MPa)
1 1.06 - - - - 287 925
2 1.1 - 0.8 0.33 - 293 945
3 1.15 - 0.88 0.39 - - -

4 0.877 - 0.74 0.24 0.15 387 1248
5 0.95 - 0.6 0.23 0.15 403 1300
6 0.95 - 0.72 0.24 0.15 395 1274
7 1.05 - 0.6 0.23 0.15 380 1226
8 1.15 - 0.6 0.23 0.15 370 1194
9 0.95 - 0.79 0.27 0.2 429 1383
10 0.94 - 0.71 0.5 0.15 433 1397
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Figure2.15  TEM micrographs 080.84C0.73Mn1.01Si0.1V steel austenitized for 10 min at
1,050°C and isothermally transformed at 68Dfor 3 min: (a) bright field image, (b) dark field image
grain boundary ferriteArrows indicate position of another micrograph not shown in this répget

Another instance of grain boundary ferrite is seefigure2.16, accompaniedly carbide
precipitates, determined to be cementite enriched with V an[B&JnVery small precipitates were also
observed on the grain boundaries as indicated by the arrdviguire2.16. The precipitates indicated by
the arrows could be VC but were determined to be too small to analyze. The grain boundary ferrite could
be a contributing factor to the increased tensile strengths noted in ref@gpae it disrupts the
formation of the brittle continuous grain boundary cementite. TEM analysis of the observed grain
boundary ferrite is presentedkigure2.17.

Figure2.16 ScanningTEM brlght field image 060.82CG0.66Mn0.91Si0.2V steel austenitized fo
10 min at 1050°C and isothermally transformed at 68D for 3 min Arrows indicate very small carbic
precipitates on the grain boundarjg4].
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VC can be seeim Figure2.17, appearing to have formed through the interphase precipitation
mechanism. Interphase precipitation is distinguished by the ordered rows of nanometer sized VC
precipitates observed. Hahal.[34] proposed that the formation of grain boundary ferrite is assisted by
the addition of V due to the precipitation of VC depleting C locally, promoting the growth of ferrite rather
than cementite, which requires a higher local C concentration.

4 . 0.2pm
(a) (b)
Figure2.17  TEM micrograph ofn0.79G0.62Mn0.22S0.2V steelustenitized at,050 °C for
10 min and isothermally transformed at 650 °C for 3:nf@) bright field image, (b) dark field image. 1
VC indicated by an arrow in (a) cannot be shown in (b), therefore, have different orientations thai
seen in (b]34].

Previous work performed at Colorado School of Mines by S. MRI&J utilized APT to analyze
the distribution of V in a higi€ wire rod with 0.79€.70Mn0.25St0.07N-0.15CF0.21Cu0.001Nb
0.034\+0.003AF0.0077N0.0®S-0.009P Figure2.18 shows a 3PAPT reconstruction of the V
containing highC wire analyzed by Miller with V atoms highlightdgigure2.19 shows the
concentration of/ across the ferrite/cementite interface indicated by the arroligime2.18.  Mi | | er 6 s
APT data indicated cementite lamellae enriched with V. Compositional analysis reported 61 pct of the
observed V in pearlitic cementite with 39 pct presefieirite [26]. APT data suggests partial partitioning
of V within the industrially produced 1080V sample. Miller also created solubility models to investigate
the solubility of V in highC steels. Using mixed solubility models for the\F&-N and FeV-Nb-C-N
systemspredictions for mole fraction of precipitates, precipitate stoichiometry, and austenite composition
were calculated. From these models, solubility predictions indicated full dissolution of V at 1093 °C and
precipitation at 880 °C. While the compositiortloé 1080V sample was well within the regime for VC
precipitation, no evidence was found for precipitates from the industrially produced $26iple

14



Another study, conducted by Maejiratal. [30], investigated the strengthening mechanisms of V
microalloying in eutectoid steels through APT andaX diffraction (XRD). Two eutectoid steels were
the subject of this study, one containing 0.1 wt pct V and the otlfiezeV Samples were austenitized at
950 °C followed by an isothermal hold at 600 °C for 180 s to 36##®S0 °C for 180 s. Maejimet al.
[30] observed an increase in hardness 666GV and an increase in 0.2 pct proof stress of IBDMPa
with a 0.1wt pctV addition for the isothermal hold condition of 600 °C. APT was performed on these
samples in aattempt to identify VC precipitates. No precipitation was found for the condition held for
180 s at 600 °C, but fine VC precipitates were identified for the sample held for.3860re2.20
shows APT data for both 180 s and 3808othermal hold conditions.

120nm

nm 120 nm

i 97

a/6 Boundaries

Ferrite ()

Cementite (6)

Figure2.18 3D-APT reconstruction of industrial 10800.79G0.70Mn-0.25St0.07N-0.15CF
0.21Cu0.001Nb0.034V-0.003AF0.0077N0.0®RS0.009P highlighting V distribution[26].
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Figure2.19 Proximity hisbgramfor V distribution across ferrite/cementite boundary indicated
in Figure2.18[26].
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As seen in the 189 hold conditior(Figure2.20(a)), the cementite lamellae are enriched With
agreeing with the APT resultdbtainedby Miller (Figure2.18 andFigure2.19). The lack ofV clustering
in ferritic regionsobserved in the 188 condition suggests that V exists in solid solution rather than
precipitating out as €. Clustering of V is observed in the 368@o0ld condition, indicating VC
precipitates with about-8 nm diameter forming in the ferrite. Maejireaal. [30] determinedhatthe VC
precipitates had a Bak&tutting orientation relationshiwith the ferritic matrix, formingnultiple
orientationvariantsrevealedhrough TEM. This suggestisatthe formation of these precipitates was not
through interphase precipitation, which only has one variant that satisfies theNBeteg
relationshig30]. Interphase precipitation was presumed to be the major strengthening factor, though no
evidence of thesalignal precipitates was found. This disagrees with the findings presented earlier from
Hanetal. [34] in which aligned VC precipitates were observed

Maejimaet al.[30] analyzed the contributions of solid solution strengthening, VC patrticle
dispersion strengthening in ferrite, and the elastic strain of ferrite on strength. Solid solution strengthening
was determined to only contribute around 2 MPa to the observed tyaidth increase, ruling it out as a
major strengthening factoCalculations using aAshby-Orowan modeindicated that th&C particle
dispersion strengthening contributisas maximum andloser to the observed increase in yield strength
when precipita# diameter was assumed to be 1.4 However, he observed precipitates were 2 to 3
times this siz¢1.4 nm) and thus\/C particle dispersiomasunlikely to be the major strengthening
factor[30].

(2) 873K, 180 s (b) 873 K 3600 s .
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Figure2.20 3D reconstruction of 0.1 wt pct V containing stéelr6G0.19S+0.78Mn0.10Cr0.10V)
isothermally held at 873 K (600 °C) for (a) 180(b) 360G showingv atoms[30] (© 2020 by The Iron
and Steel Institute of Japan
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The last strengthening mechanism analymgtaejimaet al.[30] was strengthening by elastic
strain in ferrite. Elastic strain was analyzed by measuring the ferrite diffraction peak width in pearlite
through XRD TheWilliamson-Hall equation was utilized to calculate the lattice strain experienced due to

V additions
cods 0. 9, sidn
b — =—+ P (—
oxr D Q(QXR) (2.1)
where b is the diffraction mith&Xrayivaveldmgthnzisteeu r e d
crystal | iisthe laticesegainUsma allinelr regression analyske plots inFigure2.21 were

createdAs shownin Figure2.21(a), the \-added steel had a higher lattice strain compared to-fineeV

steel Figure2.21(b) showsan almost positively proportional relationship between the lattice strain and
the 0.2 pct proof stresBigure2.21(c) shows that lattice strain generally increases with decreasing ILS.
Notably, a V addition increases lattice strain for a given Ei§ure2.21(c)), which is likely an effective

strengthening mechanism. These correlations suggest an increase in lattice strain could be a major

strengthening factor. It is hypothesized that the V concentration at the ferrite/cementite interface could be

another posble factor for this strengthening effect.
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Figure2.21

A study performed by Zharef al.[35] investigated the influence of differing V contents on the
microstructure and precipitation behavior of higthardline steels continuously cooled at different rates.
Pearlite ILS, C diffusion, and precipitated phases were analyzed in their study fomstie€l.7 wt pct C
and three different V concentrations: 0.02, 0.04, and 0.06 wt pct V subsequently termed LV, MV, and
HV. Samples were austenitized at 1,250 °C for 200 s and then cooled to 900 °C where deformation
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Relationship between lattice strain and (a) isothermal holding time, (b) tensile
properties, and (dhverselamellar spacing. Lattice strain of ferrite estimated through XRD
analysig30] (© 2020 by The Iron and Steel Institute of Jgpan
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occurred for 20 s before a final cool tdinroom
their study the ILS decreased with increasingovitent for the steels cooled at the same rates. The ILS
for the three steels were in the order of LV > MV > HV, with the greatest decrease observed at a cooling
rat e ofwhete thé CAdecreased from 0.192 pm (LV) to 0 A8EHV).

Zhanget al.[35] analyzed the effect of V on the C diffusion coefficieng)(By using a modified

formula based off Fetal3bs | aw, obtained by Tian
$, $,AR BBy 22)

where X, is the molar fraction of V, anddrepresents the diffusion coefficient of C atoms without the
addition ofV. Figure2.22 shows the calculatediBor the three steels to be in the order W1V > HV
at all temperatures. This indicates that V in steel can drag the diffusion of C atoms, reducing D
Zhangetal. [35] claims that the reduced C diffusion capacity in steel slows the pearlite growth rate,

resulting in smaller pearlite colony sizes and ILS.
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Figure2.22  C diffusioncoefficients at different temperatures for the &MIMV steels from the
study performed by Zhargt al, as well as the 1080V steel used in thissis[35]. D% is the diffusion
coefficient of C atoms without the addition\6f
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2.5 Cr and Si alloying

Cr and Siare common alloying elements for wire steels as additions of both are known to be
effective in increasing the strength of cable w[es37]. Cr is known to refine the pearlite ILS which
raises the tensile strength of drawn wire and enhances the work hardening rate during wire @rawing.
tends to partition into cementitkeiring pearlite formation and growiB7i 41]. A study by RM. Wang

on the effect of Cr on the microstructure and mechanical properties of tire cord steel showed that Cr
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additions, ranging from 0.073.463 wt pct, significantly improved the pearlitic microstructure. Wang
observed refinement of the ILS and a reduction in the continuity of grain boundary cefbégntite
Qayyumet al.analyzed the effect of Cr and Mo on the pearlite formation in hypereutectoid steels using
experiments and phase field numerical simulatidnstabilizing effectvas observedhen adding
1.4wt pctCrto a 1 wt pct C steel which caused the pearlitic cementite lamellae to become shorter,
thinner, and rounder, increasing lamellae derjgidy.

Siis a known ferrite stabilizer and has very limited solubility in cemefite41, 42] Tewari
and Sharmaerformed thermodynamic and seempirical kinetic calculations to study the effect of Si on
pearlite growth in eutectoid steels. Their work found that, with a 2 wt pct Si addition, pearlite growth is
only possible with Si partitioning into ferrite. Othatoying elements, such as Cr, Mn, and Ni, were
shown to partition or not partition during pearlite growth depending on the transformation temperature.
Si, however, partitioned during pearlite growth at all transformation temperpditegnother study by
Tu etal. analyzed the effect of Si on the partitioning of Mn betweammentite and ferrite in
0.82- 0.84wt pct C steels. Their firidgs show that Si partitions strongly to the ferrite matrix with almost
no Si remaining in the pearlitic cementite lamellae. It has been found that there exists a stroieg repuls
between Si and Mn atoms within ferrj&2]. Tuet al. used APT to analyze the Si and Mn concentrations
across ferrite/cementite interfaces in pearlite. Their work showa &6 wt pct Si addition caused Mn
atoms to concentrate within the cementite lamellae close to the interface due to their repulsion out of the
ferrite lamellae from the Si atoms. This repulsion effect resulted in a higher Mn concentration locally in
the @mentite near the interface than at the cementite core since there was not enough time for Mn to
evenly diffuse across thementite lamellagd2].

According to Haret al,, additions of 0.23 0.8 wt pct Si to neaand hypereutectoid steels can
produce grain boundary ferrite coupled with discrete grain boundary cementite partidds.similar to
the formation of grain boundary ferrite with V additions in hypereutectoid steels, although the ferrite
produced from Si additions is less noticeable and thinner compared to that formed with V af@difions
Hanet al also observed that Si additions promoted VC formation in the ferrite, especially at relatively

low isothermal transformation temperatuagsund 550 °Q34].

2.6 Measurement of Interlamellar Spacing

Literature reports a variety of definitions and methods for measuring ILS. The challenge with
measuring ILS comes from using a@nensional representation to measuredindensional
structurg43, 44] There are many different orientations of pearlite colonies that are formed upon
transformation from austenite. These differing orientations, along with sectioning effects amntfoon

ILS across colonies, complicate the measurement of pearlite 11tB tNéi advances in microscopy
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technology, namely field emission electron sources for scanning electron microscopes, the measurement
of ILS has gotten more accurate and faster. Reliable measurements no longer require thEMs&od
thin foil samples. Field emission scanning electron microscopes make it possible to analyze and
accurately measure larger samglareas with minimal sample preparation.

Before the invention of electron microscopes, light optical microsfopi) was used to
measure pearlite ILS if the pearlite was coarse enough to distinguish individual lamellaesddainigg
electron microscopy (SEMnd TEM, it is possible to get more accurate measurements of the true
ILS ( 4). This true ILS was once believed to be constant across colonies, but it has been proven that the
ILS is rather a statistical distribution of spacing about a riiao [45]. From the same study that
detailed the mean ILS, it was found that the mean spacing was around 1.65 times the minimum observed
spacing. Other researchers have found varying values from 1.1 to 2.5 times the minimum{4dhacing
This minimum spacing can be acquired through the use of a TEM sample. Brown and Ridley utilized
TEM thin foils to find the finest pearlite colony and then adjusted the microscope to fully resolve the
lamellag[45]. Using a line inscribed on the image, the interceptions were counted and the minimum
spacing was then calculated. Some drawbacks with the approach proposed by Brown aridcRidéey
the very small field of view with respect to the rest of the sample, as well as the considerable efforts
needed for the preparation of the TEM thin foils and the lengthy search process for the finest pearlite.
While the approach of Brown and Ridlegables very accurate measurements for the pearlite colony
imaged, it may nowvell represent the bulk material considering the generally limited analysis areas in
TEM [44].

As an alternative approach, Underwood proposed nomenclature that addresses the orientation
effects by defining mean random spaciiag differing from the mean true spacing[46]. Figure2.23
shows a schematic demonstrating the nomenclature proposed by Undgt@jotthderwood suggests a
method for measuring ILS by using multiple inscribed lines applied to a micrograph at a magnification
where the pearlite lamellae are resolvable. This method is commonly referred to as the circular intercept
methodandinvolves taking multiple micrographs of a sample at random f@fldéew and counting
lamellae intercepts along a circle inscribed over the image. Mean random spadsdetermined by
dividing the intercept count by the total line length of the citetguation(2.3) givesthe relationship

between the mean true spacing and the mean random sp#gjing

0= 02 (23
Table2.2 shows the summarized data collected from a study by Vander Voort and Ro6sz [8.17],

comparing the different methods mentioned above.
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Figure2.23 Pearlite lamellae schematic showing the difference between mean random spacir
measured at a given angle with respect to lamellar orientation, and mean true spavieasured
perpendicular to the lamellar orientatifigure adapted fron¥6]).

Table2.2 Comparison of ILS Measurement Methods dbaatinuouslyCooled AISI 1040 Steel
(table adapted fronf#4])

Measured (or calculated) values

Measurement Method Omi n a, (v 2 mbn 2.0% ,
Optical Microscopy:
Bel ai ewds secal - - 280 - -
Pearsall 6s par
method ) ) 250 ) )
TEM T replicas:
search for finest spacing
operator A 175 - - 350 438
operator B 168 - - 336 420
circular test grid - 508 254 - -
directed test grid - 523 262 - -
finest measured spacing 124 - - 248 310
method of Baaet al. - - 236 - -
TEM T foils:
colonies perpendicular to surfac - - 254.5 - -
finest measured spacing 100 - - 200 250
SEM:
circular test grid - 510 255 - -
directed test grid - 503 251 - -
colonies perpendicular surface - - 250 - -
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As seerin Table2.2, the SEM circular test grid method produces a similar mean true spacing
measurement when compared to the TEM measurements. Vander Voort anf4Rpésacluded that
the simplest procedure to determine the ILS is the circular test grid method applied to random, unbiased,
fields of view at the lowest magnification possible with lamellae still clearly resolvable. Utilizing the
circular test grid method dBEM micrographs gives a more representative ILS measurement for the bulk
material due to the greater sample area analyEelll emissiorSEM can be utilized to further improve
accuracy of the ILS because lamellae will be clearly resolvable at evennmgeifications than would

be possible with a regular SEM.

2.7 Pearlite Growth

Pearlite develops through the cooperative growth of ferrite and cementite. The nucleation of
pearlite is complex due to its twahase nature. In hypoeutectoid steels, proeutectoid ferrite is expected to
nucleate first and then continue to grow as fetaiteellaewithin a pearlite colony. In hypereutectoid
steels, proeutectoid cementite is expected to nucleate first along the austenite grain boundaries, reversing
the roles of ferrite and cementite in the hypoeutectoid condition. At the eutectoid compadsition
0.77wt pct C, pearlite nucleation is assumed to take place at the austenite grain corners, edges, and
boundarie$47]. Pearlite most commonly forms as colonies, areas in which the ferrite and cementite
lamellae are parallel to one another. Radial growth of pearlite is also possible, with multiple colonies
forming along an austenite grain boundary and growing inwards.growth is known as a pearlite
nodule. Nodules can develop into hespheres or spherical groupings of multiple nod{#8s 49]

Ferrite and cementite have vastly different C solubilities. Since the growth of pearlite is
cooperative between ferrite and cementite, decomposition of austenite into pearlite is tied to the long
range diffusion of C. With the growth of ferrite and centerlamellae into austenite, C enriched and C
depleted zones develop within the austenite. C is enriched within the austenite ahead of the growing
ferrite lamellae, which is actively rejecting C during ferrite formation, and depleted ahead of the
cementitdamellae, which is actively consuming C during cementite formation. This C distribution in the
austenite is demonstratedrigure2.24. Steinbach and Plagp0] showed that the degree of C
enrichment/depletion near the austenite/pearlite interface is dependentlcd dueing pearlié growth.

At smaller ILS, C is more uniformly distributed in the austentite across the transformation front. At larger
ILS, C is clearly shown to be enriched and depleted in different areas within the austenite across the
transformation front. C distributibinevitably has an effect on the growth rate of pearlite by altering the
driving forcefor diffusion and phase transformatif&o].

It is theorized that pearlite growth occurs by the movement of ledges at the interface between the

pearlite and austenite. These ledfpem either as ferrite or cementite and change the C distribution in the
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austenite, forming the next ledge of ferrite or cementite, hence the alternating nature of the eutectoid
structure. This edgewise growth of pearlite is the more modern theory of growth as it can explain the
change in lamellae curvature and thickness clanofjeementite lamellae. Proposed and studied by
Hackney, Zhou, and Shifl§1i 54] the direction steps at the interface between ferrite and cementite
lamellae in pearlite are responsible for the lamellae curvature and thickness changes as any change in C
concentration or crystallographic defects at the front of the growing pearlitexagtavill alter the C

diffusion rate and therefore the morphology. The edgewise growth of pearlite is demonstrated in

Figure2.25.

(a)A=0.15um (b)A=0.25pum (c) A=0.4 ym

Figure2.24 Phasdfield simulation of diffusion controlled growth of pearlite for different
interlamellar spacings: (a) 0.5, (b) 0.25%m, and (c) 0.4m [50].
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Figure2.25 Schematic illustrating the interphase interfaces during edgewise growth of pearlite
austenite. C = Cementite, F = Ferrite, and A = Aust¢bite

Alloying elements have a considerable effect on the pearlite transforrfigt2im 41, 55]It has

been shown that most common alloying elements in steels, with the exception of Co, slow the pearlite
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transformation. Austenite stabilizing elements such as Mn and Ni decrease the eutectoid temperature and
therefore decrease the thermodynamic driving force for transformation, retarding the pearlite
transformation. While ferrite stabilizing elements sucMas Cr, and Si increase the eutectoid
temperature, pearlite transformation rates are still generally slower than in eutectoid plain [@13teels
With the presence of alloying elements, the pearlite transformation rate can change greatly depending on
temperature. At high transformation temperatures, the partitioning of substitutional elements is
thermodynamicallyreferredand the transformation rate can be affected by the alloying element
(interphase) boundary diffusidretween ferrite and cementitét lower transformation temperatures, a
difference in free energy is sufficient to drive the reaction without the partitioning of alloying elements,
meaning C diffusion is the rate limiting fac{dil, 56] The temperature at which the mechanism
controling growthswitchess called the negartition temperaturfs6]. The nepartition temperature is
characteristic of the alloy composition and generally decreases with increasing alloy content.

With this information and the pha$ield simulation shown ifrigure2.24(a), one can infer that
alloying elements that partition and control pearlite growth rate through boundary diffusion may aide to
make the C concentration more uniform across the pearlite growth front, decreasing the ILS and lamellae
thickness. Without thalloying element partitioning, the pearlite reaction would occur faster due to the
greater driving force for the diffusion of$§ihce there is a greater C concentration difference between the
austenite/ferrite and cementigdhown inFigure2.24(c), which is proportional to the driving force for the
pearlite reactionresulting in a larger ILS and lamellae thickness.

2.8 The Effects of Recalescence on Phase Transformations in HighSteels

Recalescence, a sudden increase in temperature due to the liberation of the latent heat of
transformation, is a phenomenon that occurs in some material systems duringgrisisamation
[49, 50]. In high-C steels, recalescence occurs during the transformation of austenite upon cooling.
Notably, the largest temperature increase is observed during the austenite to pearlite transformation.
Recalescence during wire rod production is revealed bygboveing ofthe surface during cooling. While
recalescence has been observed in industrial processes and has become part of the standard production,
less consideration is given to the effect of the phenomenon on microstructure evolution when studying
transbrmation behaviof57]. During continuous cooling, the increase in temperature can result in the
steel experiencing higher temperatures for longer periods of time during transformation, allowing for
increased amounts of pearlite to form. When recalescence is suppressedeiat difierostructural
evolution takes place and can result in more than one type of phasetomstduent to form.
Lenkaetal. [57] found that steel wire rod with a C content of Ow&JIpct, continuously cooled from

900°C at a rate of25 °CA™ using forced air, formed ~40 pct pearlite and ~60 pct martensite as shown in
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Figure2.26(a) as samplé\. When the same steel underwent free natural cooling, a similar cooling rate
was achieved, but recalescence was not suppressed during transformation, resulting in a 100 pct pearlitic
microstructure, shown iRigure2.26(b) as sample B.

)5 G iz,
I” g g /l .

(a) (b)

Figure2.26 0.81 wtpct C steel wire rod (a) sample A continuously cooled using forced air to
suppress recalescence and (b) sample B, free c&adlkd

These findings are also shownRigure2.27, which presents dilatation and cooling curves for the
two samples discussed from Lerdtaal.[57]. During isothermal transformations, recalescence can be
challenging to handle since the intention of an isothermal hold is to remain at one temperature. Older
time, temperature, transformation (TTT) data on 1080 steel is believed to be somewhat inecurate
lower transformation temperaturég,, 600 °C and les®9]. This is due to multiple factors includitige
difficulty of suppressing recalescence, slow attainment of isothermal test temperature, and temperature
gradients througbut the sample. At 600 °C and lower, the pearlite transformation starts within 2 s upon
reaching the isothermal set point. Many isothermal tests struggle to keep the temperature consistent
during the transformation period due to the sudden spike in tem@edateito recalescence, which can
extend the transformation time and throw off the data during dilatometry. To overcome this challenge,
Hawboltet al.[59] used a calculated average temperature for dilatometry runs where recalescence was
observed. An example of the calculated average temperatures is sHegur@2.28. The use of the
average temperature and the minimization of recalescence is believed to lead to a more accurate
characterization of true isothermal transformation kinetics than those obtained through traditional
methods where samples are transferred tibemsalt or lead baths. To correct the dilatation curves for
thermal expansion due to recalescence, Havebalt [59] estimated the instantaneous fractions of
austenite and peatrlite from the raw dilatometry curves and then used those fractions to calculate thermal
expansion using known expansion coefficients. The expansion due to the spike in temperature was then
subtraced from the dilatometry curves. An average temperature was calculated using the highest recorded
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temperature during transformation and the stable isothermal temperature reached after transformation was

finished.
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Figure2.27 Dilatation and cooling curves for 0.81 wt pct C steel samples A (continuously cool
and B (free cooled). (a) and (b) correspond to sample A while (¢) and (d) correspond to sample E
pearlite start; M: martensite start; R: recalescébég

To minimize the effects of recalescence, Hawbbkl.employed a hollow cylindrical sample
geometry, with a wall thickness of 01, and used He gas as a quencf&dijt Dilatation was measured
diametrically, rather than axially. The lowest isothermal transformation temperature achieved was 597 °C
and the maximum recalescence recorded was 6 °C. The results from this study showed that the pearlite

transformation start tiss were accurately predicted using the average temperature and corrected

dilatation curves.
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Figure2.28 Plot of temperature versus time for 1080 steel specimens transformed isothermall
different test temperatures. Initial cooling rate is 10&®CAverage transformation temperatures are
reported to the right of the plot linfs9].

29 JMAK Analysis

The JMAK analysis is a widely used method for modeling the progress of a phase transformation.
The method draws upon the independent experimentation and works of Johnson aigdMehl
Avrami [611 63], and Kolmogoro\64]. JIMAK has been shown to be an effective way to model

isothermal phase transformations. The model centers around the JIMAK expression
Xt = -e (2.4)

where X(t) represents the volume fraction of the transformed phase as a function of time, t is the elapsed
time from the start of the phase transformation, and k and n are constants extracted from tf&s model
65i 67]. The constants k and n are material specific and can be obtained through the TUBE of a
diagram. The calculation of k and n will be discussed later irifthiEs The start and finish of
transformation (Xand X%) are usually set anywhere from 0i00.05 and 0.99 0.95, respectively. The
volume fraction of the transformed phase is experimentally determined through various methods such as
dilatometry,LOM, or hardness measurements. Once experimental data has been collected, a full model
for transform#éons at various temperatures can be created through JMAK.

Within the JMAK model, the order of the n constant, also referred to as the JMAK or Avrami
exponent, reflects the nucleation rate and/or the growth morphology. Generally, n is assaned to
val ue of 1 dimensiddal gowth¢rods awmeedlei ke particles), 2 O n
two-dimensional growth (disk haped parti cl es }djmemsiondl grdwth@sphericd 4 f
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particles)[65, 67] When there is no change in growth mechanism, n is temperature independent and
solely a function of transformation time. The constant k is thexpenential factor, a kinetic parameter

that is dependent on the isothermal transformation temperatureatioclrate, and growth rate. Though

n is insensitive to temperature, k is a temperati@@endent constant. When n and k are treated as true
constants for a give temperature, the IMAK expression in Equ@t#)rcan be integrated across a time

range and the volume fraction of a transformed phase can be calculated. IMAK models typically take the
shape of sigmoidal curves plotted as volume fraction transformed versus time on a logarithmic axis.
Figure2.29 shows a typically JIMAK curve for an isothermal transformatidAK models can be useful

for creating full TTT diagrams for materials basedesperimental data. The sigmoidal curves can also

be used to form specific volume fractions of a phase by quenching from a given temperature at a precise

time into transformation.

fraction transformed

time (¢)

Figure229  Typical IMAK curve for an isothermal phase transformaftj.

Nevskii et al. performed a study on the simulation of phase transformations in high C pearlite
steel at various cooling rates in which they used the JMAK expression to characterize pearlite
transformations. Their work found that the JMAK expression adequately charedtditezometric
curves for pearlite transformation kinetics in a 0.81 wt pct C steel for temperatures between
60071 700°C [68].
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2.10 Atom Probe Tomography

Atom probe tomography is a characterization technique that can provide chemical composition
and spatial information at the atomic scale. APT delivers the highest spatial resolution with 3D
compositional information of any microscopy techniff@]. The ability to reconstruct samples into a 3D
model allows for the analysis of the finest scale and amplitude features such nanoprecipitates and solute
atom clustering. Morphology, surface roughness, composition, and interfaces/boundaries can all be
obseved for microstructural features that are otherwise difficult to analyze using other microscopy
techniques. The partitioning of elements betweenxisting phases can also be analyzed and
guantitatively measured. The volume of analysis for APT is in fHi®ens to billions of atoms depending
on the sample geometry and fabricatid@]. Due to this high volume of analysis, solute elements with
very low concentrations can still be resolved, making this technique of great use in analyzing the
microalloying of steels.

In APT, atoms are liberated from the apex of a neslégped specimen held in a cryogenic
vacuum chamber. Liberation of the atoms is done through a field evaporation mechaiilemand
P a n i[t1}atora probe field ion microscope (APFIM) first used a short duration, high voltage pulse on
a standing voltage to induce field evaporation of atoms. The APFIM was the first atom probe capable of
identifying chemical compositioj9]. Essentially a combination of a field ion microscope and a mass
spectrometer, the APFIM paved the way for the more sophisticated atom probes used today. More current
atom probes use a pulsing laser, focused on the apex of the needle, to induce fietdienai@
standing voltag§70]. Once liberated, atoms fly towards a position sensitive 2D detector that records
spatial data.

One of the latest advances in APT has been the creation of the localdelatdimprobe
(LEAP®). Kelly et al.[72, 73]demonstrated the importance of the proximity of the counterelectrode to
the specimen in creating the LEAP® configuratidrsmall local electrode (280 em diameter) is
positioned less than one aperture diameter away from the specimen tip, creating a field at a greater
extraction potential than a traditional remote counterelectred® (Bm diameter) typically placed1D
mm from the sample. The configuratiof theLEAP® allows for a high mass resolution over a larger
field of view than previous atom probes. The larger field of view, over 100 nm, permits up to ~250,000
atoms per atomic layer to be collected, making it possible to record data sets withandt8 atoms.
The close proximity of the counterelectrode also decreases the time an atom takes to reach the 2D
detector, effectively protecting the data collection from any-tramging fields present in the field of
view. Another benefit to theEAP® configuration is a higher data collection rgg8]. Figure2.30 shows
a diagram of a LEAP.
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Figure230  LEAP using a pulsed laser to field evaporate ions from the needld7afjex

The collection of the spatial data during APT is easy to understand, as a 2D detector records the x
and y position of an atom upon contact. The identification of chemical composition through APT is a
little more involved and relies on tirdd-flight mass pectrometry. Timeof-flight mass spectrometry has
been universally adopted in APT due to the inherently simple design and the equal sensitivity to all
elements. Thus, n@ priori knowledge of the type of ions or composition of the sample is needed to
perfam APT. By recording the timef-flight from liberation of an atom from the needle apex to contact
with the 2D detector plate, the masschargestate ratio of an ion can be calculated. This rt@ss

chargestate ratio, m/n, is given by

m 2e o

n = ?(Vd 3 +V~r! u |)'[§ e (2.5)
where m is thenass of the atom, n is the number of electrons removed during field evaporation, e is the
charge on an electron, d is the distance between the specimen and the detéstthre ¥tanding voltage,
Vousel S t he pulse voltage ampl it uda-flight)ed]i Gncealatsf act or
collection has been completed, computer software suttfedsteractive Visualization and Analysis
Software (IVAS) made by CAMECR is used to define peak ranges for the mtassharge ratios. Users
define the peaks present in the spectrum and then perform a 3D reconstruction of the specimen. Two
types of reconstructions can be created bareslamding voltage or needle geometry. Standing voltage
reconstructions are the quickest and fAroughest o
recanstructs the sample basedtbe standing voltage, which steadily increases as collection time
increases, by stacking layers of atoms collected at a given standing voltage. This method of reconstruction
is considered rough as it can ignore the needle geometry and tend to distonathgions of the sample,
especially towards the base of the sample. The standing voltage increases slower as the diameter of the

needle increases meaning more atoms are collected at larger standing voltages, making itcatir® diff
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identify atom positions in the verticalaxis. The benefit to using the standing voltage as the base for
reconstruction is the speed of reconstruction. A model can be created immediately after data collection
with no additional microscopy steps involvadhis can speed up and simplify analysis significantly.
Reconstructions based on needle geometry involve taking SEM or TEM micrographs before and after
data collection in the atom probe to assess the needle shank angle, tip radius, and material destroyed
during APT. Entering these parameters itite IVAS softwarebefore reconstruction helps the software
more accurately place atoms in thexds to reflect the shape of the sample. Although this method
produces a cleaner APT reconstruction, it takes more time to create the reconstruction. If SEM
micrographs are usdd obtain needle tip radius and shank angle, the reconstruction can still be fairly
distorted as it is difficult to clearly image the tip of the needle specimen as it is on the ord&i06fri
which requires a very high magnification in the SEM to resolve.

The biggest factor influencing APT data collection volume is the needle gedB6®&:tib]
Therefore, sample preparation is key to creating large field of view and high atom count reconstructions.
The ideal geometry for an APT specimen is a sharp needle with a shank angle of <10° and a tip radius of
10-100 nm. Needles must have smooth sidekiig any protrusions of secondary tips. The presence of a
protrusion or second tip will have a detrimental effect on the standing voltage of the specimen. APT
samples must also be sslipporting. To achieve this ideal sample geometry, multiple methods of
preparation can be performed. Perhaps the simplest method is called microp{ishéty 76]
Micropolishing involves creating rough needles measuring aroun@r&00300um x 10 mm referred to
as matchsticks. Matchsticks are then dipped through a droplet of aggressive etchant such as perchloric
acid to slowly remove material down to a needle point. Focused ion beam (FIB) milling is then performed
using a Ga ion sourd@&5]. Milling is performed in sequential concentric circles to create the sharp needle

tip and smooth, conical sides. APT sample preparation will be touched upon later in this work.
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CHAPTER 3 EXPERIMENTAL PROCEDURES

3.1 Introduction

This chapter summarizes the materials, equipment, and characterization methods employed in the
present work. Chemical compositions of the industrially prepared materials are provided. Dilatometry was
performed to measure and analyze the pearlite trandiormanetics. Vickers micrdardness testing
was also conducte€haracterization methods employed include light optical microscopy (LOM), field
emissionscanningelectron microscopy (SEM), and atom probe tomogrgpif).

3.2 Materials

The materials studied in this wonkere industrial 1080 wire rod, with and without 0.0@5pctV
additions The industrial wire rod was provided by EVRAZ North Americaves ¢oils, 1080 and 1080V,
hot rolled to diameters of 7.14 and 8, respectivelyand cooled using a Stelmor de€kemical

compositions fothesesteels are listed@able3.1.

Table3.1 Compositions (wt pct) of Industrisl/ire Rod, 1080 and 1080V Steels

Alloy C Mn P S Si Cu Ni Cr Mo \% N

1080 0.83 055 0.009 0.011 0.25 0.16 0.06 0.12 0.014 0.000 0.0056
1080v 0.86 0.64 0.010 0.007 0.23 0.17 0.06 0.13 0.015 0.035 0.0057

3.3 Sample Machining

Hollow dilatometry sampleseremachinedrom bothindustrialwire rods. 18nch-long
segments were first cut from both coils, straightened, and then turned down on a lathe to a diameter of
4 mm. Rods were then segmented intari@ long samples with parallel ends. Samples were then
hollowed out using a &ym diameter, full carbide dribit. Final sample dimensions are as followsnih
outer diameter with an inner diameter ahgh, wall thickness of inm, and overall length of I1im.
Solid dilatometry samples with the same dimensions were also machined to analyze grain boundary
cementiteat the center of the wire rods for both 1080 and 1080V steglse3.1 shows the dimensions
for the industrial 1080 and 1080V samples.
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Figure3.1 Dilatometry sample dimensions for the industrially produced steels used for

(a)isothermal hold experiments and (b) grain boundary cementite analysis.

3.4 Dilatometry

Isothermal datometry experiments were performed on the 1080 and 1080V wire rods for the
purpose of hedreating and analyzing the pearlite transformation kindtlestt treatments were designed
based on referencgkb, 26, 27, 34In which V precipitation was studied for varying isothermal hold
times. These heat treatments were also designed to mimic the Stelmor cooling[Btdness
incorporating isothermal hold times and a laying head temperature of 980 HDstenitization hold at
950 °C was performed to homogenize the microstructure and fully dissolve any precipitates before
guenching to a holding temperature of 550, 600, or 650 °C at a r&g UE/s. Ar was first used as a
guenching gas butasreplaced by He to suppress the temperature increases experienced due to
recalescence from the pearlite transformation. Upon reaching the holding temperature, samples were
isothermdly held for a period ranging from 5 to 180 s to allowtfor pearlite transformation to take
place and/ precipitatiorpartitioning. A final cool to room temperature was performed with a cooling
rate of-25 °C/s.Figure3.2 shows the hedteating profile for dilatometry experiments on the 1080 and
1080V wire rods.

Isothermal phase transformation s{#yb2) and finish(to.gg) times were identified using the
relative change in length and differential change in length signal. A deviation from linearity in the relative
change in lengtborrelatedo a nonzero value in the differential signahowing the start of
transformation. Transformation completion was identified as the time when the relative signal
re-established linearity and the differential signal reported zero. An exampigsaithermal

transformation crve, with th.o2and t.gsidentified,is shown inFigure3.3.
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Figure3.2 Heat treatment profile fasothermaldilatometry study on 1080 and 1080V wire rods.
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Figure3.3 Dilatation data for 1080V steel isothermally transformed at 650 °C showsr@ntd 6.0

He gas was used as a quenchant for all isothermal hold experiments to suppress the temperature
increases caused by recalescence. The increase in temperature during the isothermal hold caused excess
expansion to occur during tipearlite transformation making it difficult to accurately identify the end of
transformationFigure3.4(a) showsan example of thdilatation data collected for 1080 and 1080V
steels, using Ar as a quenchant, in which excess expansiabsavedFigure3.4(b) shows the
dilatation data collected using He gas as a quencteghicirg the increase in temperature and excess

expansion experienced while using Ar.
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Figure3.4 Dilatation data for a 1080V sample isothermally transformed at 550 °C and quenc

using(a) Ar and (b) He. The arrows in (a) highlight the increase in temperature and excess expar
to recalescence.

3.5 Vickers Micro-hardness

Vickers Micro-hardness was performed the industrial 1080 and 1080V stea$éng a LECO
AMH55 to assess the hardness of the material in theca$ved and he#teated conditions. Samples
were sectioned perpendicular to the outer surface aroomd om the ends to expose the center eross
section for analysis. To prepare the surface for riemaness testing, samples were subjected to a series
of grinding and polishing steps. Wet grinding using 600, 800, anddriGandpapewas followed by
polishing using suspended diamond slurries with particle sizes of 6, 3, 1, amd.0d8hering b ASTM
E-384 standards, a load ok#f and a dwell time of 10 s was used to make 16 indentations per sample to
get an average hardness vdltig]. Indentations were placed hvim from the inner surface with a

spacing of 313im apart from one anothdfigure3.5 shows a diagram of the Vickers indentations.

Figure3.5 Vickers hardness indentation locatiamrsindustrial 1080 and 1080V steeBEM
imagingwasperformed on the opposing side from the Vickers indentations.
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3.6 Microstructural Characterization

This section discusses the microstructural characterization methods and equipment used in the
present work includingight optical microscopyl{OM), field emissioascanning electron
microscopy(SEM), andatom probe tomographAPT).

3.6.1 Light Optical Microscopy

LOM was performed using an Olympus DSX100 Gpigital microscopePerformedo check
etching responses and verify Vickers mitrardness indentation locations, LOM imagesenot the
focus for characterization of the studied materials. Samples were prepared for LOM by, ptdting
micro-hardness testing. Submerged etching was performed for 20 to 30 s using 4 pct Picral etchant
consisting of 4 g picric acid and 100 ml of ethanol or methait#r submersion, emethanol rinse was
performed twice to termate the etching response.

3.6.2 Scanning Electron Microscopy

Field emissiorscanning electron microscopsas conducted using a JE®ISM-7000F
microscopeSEMwas used for microstructural characterization including identification of phases and
micro-constituents, pearlite interlamellar spac{iigs), and pearlite colony size. Interlamellar spacing
was measured using a circular line intercept method in which a, giiitthea diameter of 3 mwas
superimposed on a SEM micrograping ImageJ softwar€ementite lamellae interceptions were
counted around the circle to get a total count. Total interceptions were then divided by the circumference
of the circle, returning an approximate value for the mean random ILS. The mean true kSimase
by dividing the mean random ILS by two, following the literataféJnderwoodet al [78].

Magnifications within a range of 5,000X and 15,000X were used to measure ILS. To get an
average mean random ILS measurementjctographs were taken per sample and 5 circular line
intercepts were performed per micrograph for a total of 20 circles anatyaeslating to an overall line
length of ~314>m. Intercept counts ranged from around 1,20R,600depending on pearlite fineness.

A pearlite colony was defined as a region with parallel oriented cementite lanPelrdéte
colony size was measured using a concentric circle method in accordance withEASIMtypically
used to measure grain s{z®]. Pearlite colony boundaries were first traced by hand on SEM
micrographs ranging in magnification from 5,000x to 15,000x. Three concentric circles were then
superimposed onto the traced micrograph using ImageJ software. Boundary intercepts were counted for
every circle. Total intercept count was then divided by the total line length of the three concentric circles,
returning an approximate pearlite colony sizgure3.6(a) and (b) provide examples of the circular

overlays used to measure ILS and colony size.
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Figure3.6 (a) Circular intercept line used for ILS measurements and (b) concentric circles in
lines used for colongize measurements with colony boundaries highlighted.

SEM was also used to characterize grain boundary cementite (GBC) in the 1080 and 1080V
steels. Solid dilatometry samples were heat treated according to the profile feakigeneB.2,
sectioned perpendicular to the rolling direction, and polished. Samples were submerged etchadhfor 10
in an etchantheated to 58C, consisting of 200nI distilled water, 6 sodium hydroxide, and 5¢3
picric acid. SEM micrographs were taken at 5,000x and ImageJ was used to overlay a grid ohtjuares
areas of um? GBC interceptions were then counted across the entirety of the grid to quantify the
amount of GBC formed. A total area of 3,Q0®? was analyzed for all conditionSigure3.7 provides an

example of the square grid overlay used to count grain boundary cementite interceptions.

Figure3.7 Square grid overlay utilized to count GBC interceptions. Measurements were con(
on micrographs without the scale bar visible.
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3.6.3 Micropolishing

APT needles were prepared using a method known as micropolj26ing9, 76]
Micropolishing started with the creation of sample blanks, referred to as matchsticks. Matchsticks, with
rough dimensionsof308n x 300 em x 10 mm, were cut from dil at
High-Tech Products Inc. TechCut*4slow speed precision saMatchsticks were then crimped into 18
American wire gauge (AWG) copper ferrules. The wire gauge of these ferrules was crucial as the small
diameter was required to fit in the APT apparatus. Micropolishing was done using a Simplex Manual
ElectroPanter™. Crimped samples were inserted into the ElectroPdthtrd connected to the negative
lead of a direct current (DC) power supply set ta/1The positive lead was connected to a Pt wire loop
in which adroplet of an electrolyte fluid, consisting of 75 vol pct acetic acid anaPbct perchloric
acid, was suspendeiigure 3.8 features the setupr the micropolishing proces$o sharpen the tip of
the sample blank, the stage was manually actuated through the suspended electrolyte. The electrolyte was
frequently replenished to keep the current flowing through the closed circuit created by the Pt loop and
the sample blank. Ont¢be sample tip formed a sharp point, a weaker electrolyte, consisting/of 9&
acetic acid and ol pct perchloric acid, was used to clean and further sharpen the needle. Micropolishing
was completed once the needle had a rough tip radius of into Blicropolished samples were cleaned
in a methanol bath within an ultrasonic cleaner farib before being stored in a desiccant chamber until
Focused lon Beam (FIB) milling was performé&igure3.9 features the needle tip post micropolishing

Figure3.8 Micropolishing setup for initial refinement of APT needle tip.

Figure3.9
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3.6.4 Focused lon Beam Milling

To further sharpen the APT needles, FIB milling was conducted using a*Hsliakbeam
systemlterative annular FIBnilling was performed to refine the tip radius to around 50 nm.
Gallium beam currents were altered between/®%0 80pA to achieve a sharp tip with a steep shank
angle. Scanning electron microscopy (SEM) images were takemttoouthe FIB process to assess
shank angle and tip radius. SEM images post FIB milling were used to aid APT needle reconstruction.
After FIB milling, needles wre transferred to a desiccant chamber to await APT andhgise3.10

shows a completed APT needle ready for analysis.

(b)
Figure3.10 = SEM image of FIB milled needle before APT analysis. (a) Full needle demonstrati
high shank angle, (b) magnified image of needle showing a finadips of less than 10@m.

3.6.5 Atom Probe Tomography

Atom probe tomography was conducted usifgpaneca LEAP 4000X Si systemThe local
electraleatom probe (LEAP) system allows for analysis of needles up to a volumeSimi[80]. The
Cameca system was set in lapatse mode for all APT analysis in this work. Relevant settings are as
follows: laser pulse of 60J, pulse frequency of 3Kz, a detection rate offdct, a specimen
temperature 0f233 °C, and an analysis chamber pues®f approximately 1.3x10Pa. APT runs had
varying time lengths dependent on the shank angle and sharpness of the needle being analyzed. Stop
criteria were based on either electrode “minnvoltage or total ion count. Reconstructions were created
bagd on SEMmicrographof the tip profile before APT analysis using the Cameca [Vé&tware.

Figure3.11shows an example eftip profileof an APT needle tip, analyzed using Imagedh the base,
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height, and shank angle measufedstprocessing of the tinod-flight data was based on the applied

voltage profile for each run.

Figure3.11 SEM micrograptof an APTneedle tip profile measured with ImageJ

Massspectafor all needls were analyzed using the btiift peak deconvolution algorithm. Each
peak of the mass spectrum represents the-toadsarge ratio for an ionic species. Massharge ratio
ranges were created for each peak and an ionic species asBignesl3.12 presents an example of a
mass spectrum analyzed in thameca IVA® software with C, Fe, and V peaks labeled using the
element overlay option. Using the element overlay allows for peaks to be identifieddgpeaies. The
massto-chargeratio rangespplied toall needleds shown inTable3.2 Massto-charge ratio rangesere
adopted and adjusted as needed fiditter [26]. Massto-charge ratios were kept consistent across
conditions analyzed, adjusted only when necessary to compensate for peak drift. Most ionic species have
unique ranges that can be identified using the Cameca@®&o®ware. However, it was not possible to
analyze'*N* as its peak on the mass spectrum overlaps exactly with tBSf6inaking it impossible for

the IVAS® peak deconvolution algorithm to differentiate the two ionic species.
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Table3.2

Massto-Charge Ratio Ranges for 1080V APT Analysis

Element Atomic Charge Masgto—Charge Element Atomic  Charge Mass_to—Charge
Mass State Ratio Range Mass State Ratio Range

C [12] 2 5.96.2 FeO [71.93] 2 35.80836.329
[13.003] 2 6.4746.558 [73.931] 2 36.97437.167

[12] 1 11.912.2 [74.935] 2 37.48237.656
[13.003] 1 12.9713.188 [75.932] 2 37.93738.287

Si [27.977] 2 13.88214.147 FeG [77.94] 2 38.94639.153
[28.976] 2 14.44414.614 [79.935] 2 39.88140.232
[29.974] 2 14.96415.094 [80.937] 2 40.45640.661

P [30.974] 2 15.47015.584 [81.934] 2 41.01341.218
¢} [15.995] 1 15.96716.120 [83.94] 2 41.99042.285
[16.999] 1 16.96117.184 Cs (48] 1 47.91548.304

Cs [36] 2 17.94818.148 [52.013] 1 51.837%52.225
[37.003] 2 18.49418.607 Mo [91.907] 2 45.96146.298
[38.007] 2 18.99519.109 [97.905] 2 49.00449.243

Cs [60] 3 19.99320.148 [99.907] 2 49.93850.242
[64.013] 3 21.46321.605 Cr [52.941] 1 52.87153.262

Cs [48] 2 23.92924.188 Fe [53.94] 1 53.82754.233
[49.003] 2 24.50224.644 [55.935] 1 55.68056.353

\Y, [49.947] 2 24.97325.076 [56.935] 1 56.86157.234
[50.944] 2 25.45925.605 [57.933] 1 57.91358.186

Cr [51.941] 2 25.93026.133 Mn [54.938] 1 54.92855.264
[52.941] 2 26.46026.621 Ni [59.931] 1 59.93360.241

Fe [53.94] 2 26.86127.207 Cu [62.93] 1 62.80463.302
[55.935] 2 27.83628.222 [64.928] 1 64.84665.293
[56.935] 2 28.44828.614 FeO [127.865] 2 63.88864.357
[57.933] 2 28.9629.12 [128.865] 2 64.45864.636

Mn [54.938] 2 27.42427.624 Ga [68.926] 1 68.83269.313
Ni [59.931] 2 30.00830.133 FeO [69.935] 1 69.80470.323
S [31.972] 1 31.90032.032 [70.939] 1 70.90071.424
FeC [67.935] 2 34.02034.194 [71.93] 1 71.82872.457
[68.936] 2 34.44734.724 [72.93] 1 72.89273.377

FeO [69.935] 2 35.01535.224 [74.935] 1 74.87575.476
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option. Different colors correspond to different ionic species to which peaks can be assigned.
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CHAPTER4 RESULTS

4.1 As-Received Material Characterization

Both asreceivedndustrialsteels exhib&dfully pearlitic microstructuresasshown inFigure4.1.
Little to no proeutectoid cementite was observed in theesived steel microstructurésable4.1
contains the average true |[b8easured from the surface to the center of the sapgpidsaverage colony
size for both aseceived steelstigure4.2 shows the true ILS across the wire rod cross section. An
increase in true ILS with increasing depth from the surface is shown for both ltebisdue to the
surface cooling faster than the ceraéterhot rolling. Average Vickers hardnesmeasured at the wire
rod centerfor bothasreceived steels is shown Table4.2

(a)
Figure4.l FE-SEM micrographs of the fully pearlitic microstructures of¢kater of thendustrial
alloys in the aseceived condition: (a) 1080 and (b) 1080V.

Table4.1 Average True ILS{r) and Average Colony Size fite As-Received Industrial
Materials

Allo & (nm) 0r Standard Colony Size Colony Size Standard
y T Deviation (nm) (€m) Devi ati on
1080 113 13 3.15 0.74
1080V 142 8 2.97 0.47
Table4.2 AverageVickers Hardness ohs-Received Industrial Materials

Alloy Vickers Hardness (HV' Standard Deviation (HV'

1080 354.6 6.2
1080V 354.9 6.7
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The 1080 and 1080V stediad nearly the sanaveragenardnesaind average pearlite colony
size.Characterization of the asceived material was completed to determine a baseline for ILS, colony
size, and hardness before heat treatments were performed. Due to the differing d{@mdtersd
8.73mmfor the 1080 and 1080V, respectivelifje asreceived material cannot be analyzed for effects V
might have directly on the microstructure or properties. Although both steels were cooled on an industrial

Stelmor cooling deck, both steels may have different cooling rates and processiigghistor
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Figure4.2 True ILS across the wire rod cross section of theeasived industrial materials.

4.2 Isothermal Hold Experiments

The following section presents the results from the isothermal dilatometry experiments performed
on the 1080 and 1080V steels. A IMAK analysis e@wsluctedtrue ILSvalues wereneasured, and
Vickers microhardnessas evaluatedGrain boundary cementitvaluationand APT analysis was also

conducted and is presented in sectib2s5and4.4.

4.2.1 JMAK Analysis
Figure4.3 shows the experimental dilatation curves, with IMAK fits overlaid, for the isothermal
transformations conducted on the 1080 (left) and 1080V (right) steels. Faster transformations were shown

to occur in both steels at lower transformation temperattokswing the order 550 < 600 < 650 .°C
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Figure4.3 Experimental dilatation data with JMAK fits (dotted lines) for isothermal pearlite

transformations in 1080 (left) and 1080V (rightgels at (ajb) 550 °C, (c)Xd) 600 °C, and
(e)(f) 650 °C.
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Figure4.4 shows the JMAK curves for all temperatures tesiéa. 1080V samplesvere
observed to haveetardedransformatios at all temperaturesompared to the 1080 sampldfie 1080V
steel was also observed to have a small incubation period at all temperatures tested. The slower
transformation associated with the V addition is consistent with previous literature reports in which
substitutional alloying elemengse. V, Cr, and Mn)etard the pearlite transformatifizb, 26, 41]

0.8

0.6 —

o4 550 £c| 600 °C]|

Vol. Fraction Transformed

1080V

0.1 1 10 100
Time (s)

Figure4 .4 JMAK curves for isothermal pearlite transformations in the 1080 (solid line) and 1(

steels (triangular symbols).

As seen irFigure4.3(a) and (b), the IMAK model does not fit the collected data for the 550 °C
transformations well. The IMAK model predicts the time fow&Qpct pearlite transformationy@
almost a full second before the experimental data for both steels. IMAK also preditisud & second
later than the experimental data for both steels. This poor fit is most likely due to the calculated n
constants for both steels, listedTiable4.3, beingbetweerl and2. An n valuébetweenl and2 suggests
that growth is onglimensional for this temperature, though it is known that pearlite has three
dimensional growtf48]. The JIMAK model fits slightly better for the 600 °C transformations shown in
Figure4.3(c) and (d), though the calculated n values for these transformat@radetwee2 and3,
suggesting twalimensional growth. The JIMAK model fits best for the 650 °C transformations shown in
Figure4.3(e) and (f) where the calculated n values veseveer3 and4. This shows that the IMAK
model is best used for pearlite transformations occurring at higher temperatures. Other growth models

may fit the pearlite transformation kinetics more adequately at lower transformation temperatures.
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For instance, Nevskét al.found that the logistic function best fit the resolved austenite fraction and time
data for pearlite transformations in highsteels transformed at temperatures ofi3800 °C[68].

They also found that the JIMAK model adequately described the pearlite transformation for temperatures
of 6007 700 °C. Nevskiet al.[68] claims the JIMAK model begins to break down due to the
decomposition of austenite into pearlite and bainite at temperatures below 550 °C.

Table4.3 Average Transformation Start and Finish Times for 1080 and 108@Ytation Data and
JMAK Constants
Temperature _Avg. Trans. Start and Finish (s JMAK constants
Steel v
(C) t50.02) t(0.98) n k
550 0.21 4.57 1.722 0.3112
1080 600 1.15 8.15 2.703 0.0158
650 11.80 67.04 3.031 2.3 X10°
550 0.36 5.81 1.856 0.1745
1080V 600 1.35 10.41 2.579 0.0098
650 14.23 70.07 3.305 3.2 x10°

4.2.2 Microstructural Analysis

Micrographs for all isothermal hold times and temperatimeghe 1080 and 1080V stealse
presented ifrigure4.5 andFigure4.6, respectively{pagesA9 and50). The microstructure for both 1080
and 1080V steels was pearlitic, with some regions showing grain boundary ferrite/cementite between
pearlite colonies, for all isothermal hold conditions, with the exception of the 5 s hold conditions in which
martensite s present, shown Figure4.5(c) andFigure4.6(c). The 1080V steel consistently had a finer
true ILS and a tighter distribution for true ILS when compared to the 1080 steel. The 1080 steel is shown
to have colonies of pearlite with vastly differing random ILS, primarily shown in microgmphs
Figure4 5(f), (h), and(k). The micrographs presented for 1080V all have a similar random ILS with few
colonies having large or very fine lamellae.

A few micrographs worth closer inspection aréigure4.6(b) and (h). Grain boundary ferrite,
formed in the 1080V steel isothermally transformed at 600 °C, can clearly be seen as the derk, thick
featuresMore grain boundary ferrite in the 1080V steel can be seen at lower magnificatiogsray.7
(pagebl) for all temperatures tested. Qualitatively, it seemed that more grain boundary ferrite was
observed for the 1080V samples transformed and held at 600 °C compared to other condéiouis.
of V in promoting the formation of grain boundary ferrite aligns with existing literalaaet al.
observed proeutectoid grain boundary ferrite with VV microalloying, though it colycde observe at
high magnificationsusing TEM,in small area§?27, 34] By examining this effect on a larger scale, it

becomes evident that microalloying wihencourages thi®rmationof proeutectoid grain boundary
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ferrite. In contrast, no significant grain boundary ferrite formation was observed in the 108fcsbssl
all tested conditions.

While grain boundary ferrite is not anticipated to form in hypereutectoid steels, the formation of
grain boundary cementite is expect8dme grain boundary cementite can be observed in the 1080 steel,
primarily in the micrographs ifrigure4.5(a), (d), and (g). Grain boundary cementite was also observed in
the 1080V steel, though less was observed qualitatively. One instance of grain boundary cementite
formed in 1080V is shown iRigure4.6(d). This grain boundary cementite appears to be more
discontinuous than the grain boundary cementite observed in the 1080 steel. This observation agrees with
literature in which discontinuous grain boundary cementite was observed using transmissiam electr
microscopy{34].

Other microstructural features of note are the particles, presumed to be carbides, captured in
Figure4.8(a) and (b)(page51). These carbides were only observed for the 1080V steel isothermally
transformed and held for 3 min at 650 Based on approximate measurements using ImageJ, the
observed carbides ranged in diameter from 12 to 22Aigher density of carbides seemed to have
formed within grain boundary ferritregions though some were found in larger fertaeellaewithin
pearlite colonieskigure4.8(a) also shows a discrete line of carbides, highlighted by arrows, within
proeutectoid ferrite. These could be VC formed along a proeutectoid ferritic grain boundary, aiding the
formation of theproeutectoid ferrite observed by consuming C locdlhe observed VC, however, are
much larger and randomly spaced, differing from the small interphase precipitates formed in discrete
rows observed by Haet al.[34].
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Figure45 SEM micrographs afhe 1080 steel isothermally transformed at 550, 600, 650 °C (lef
right) and held for (ajc) 5's, (d)(f) 60 s, (g)(i) 120 s, () 180sMar t ensi t e i s | a
pearlite as APO in micrograph (c).
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(k) ()
Figure4.6 SEM micrographs of the 1080V steel isothermally transformed at 550, 600, 650 °C
right) and held for (ajc) 5 s,(d)-(f) 60 s, (g)(i) 120 s, (}() 180sMar t ensi t e i s | a
pearl i te as 0 Plberedrirclein micrag@ph édpHighlights phserved discontinuous
boundary cementit& he red circles in micrographs (b) and (h) highlight observed grain boundary fe
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Figure4.7 SEM micrographs showing grain boundary ferrite observed in the 1080V steel
isothermally transformed arfeld for 1 min at (a) 550 °C, (b) 600 °C, (c) 650 °C.

(a) 0
Figure4.8 SEM micrographs of the 1080V steisbthermally transformed and held for 3 min at
650 °C showing carbides formed within grain boundary ferrite. Circles highlight larger observed c
and arrows indicate a discrete line of carbides formed within proeutectoid ferrite.
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4.2.3 Interlamellar Spacing
ILS measurements were performed on all dilatometry specimens after heat treligueet .9
shows the average true ILS measured for all conditions. A general trend of increasing true ILS was noted
for longer hold times, as well as higgttemperaturesThe increase in true ILS with higher transformation
temperatures is shown gure4.9(a) and (b)lt is worth noting that the hold tirmgependence of ILS is
not clearly shown for the samples transformed at 650 °C. At 650 °C, only a small increase of amound 7
in the average true ILS was observed for the 1080V steel as the hold time increasethiincm 3 min.
The 1080 steel had a large increase in true ILS, reaching aroumii2@h a 2min hold, though the
standard deviation in the measurement was high an®7.The true ILS decreases to 1610 for the
1080 steel when held forr8in at 650 °C, suggesting that the large increase observed for the 2 min hold is

not significant.

225 — T | T | T | T ] 225 - T | T | T | T ]
200 - 1080 . 500 - 1080V .
—~ - /s : N A - —~ - A -
E 175 |- e N . E 175 |- .
- - ® 650 °C Y - = L i
o 150 - - o 150 - 650_‘jC, -~ — - |
E 125 B 600 °C -9 T ] E 125 B T |
0 - O~ - . 0 - o O —
2 100k < @ a 200 O0°C -] -
= o _ 0 — -0 | = L 2= — 1= o |
P - o -
L 550 °C - = — —
75 > ] 75 - a ’“’550 °oC i
50 1 | 1 | 1 | 1 50 1 | 1 | 1 | 1
0 60 120 180 0 60 120 180
Isothermal Hold Time (s) Isothermal Hold Time (s)
(a) (b)
225 T I T I T I
550 °C

—_— = N
wn I O
S »n O

—
()
[e)

= — L - i_'
Z & — 1080V ]
1 | 1 | 1 |
60 120 180
Isothermal Hold Time (s)
(©) (d) (e)
Figure4.9 True ILS versus isothermal hold time for all conditions for (a) 1080 and (b) 1080V
ILS measurements for both steels at58) °C,(d) 600 °G and(e) 650 °C show aeduction in true ILS
for all 1080V samples.
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