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INTRODUCTION

Recent capital investments to the Faircrest Stieeit RFSP) allow for additional capacity, manufaitg flexibility, superior
cleanness for strand cast products, increased sessdn large bar sizes, verification of large ¢emter soundness, and an
overall broader capability to support higher valsmecial bar quality (SBQ) and seamless mechanida¢ tmarkets.
Commissioning of multiple pieces of equipment (show Figure 1) — jumbo vertical bloom caster (2Q1ggcond ladle
refining station (2013), inline forge press (2088 ultrasonic inspection line (2012) — provide liasis for exploring the
key material properties, processes and methodaaggeessary for advancing new and challenging fooglucts to our
customers. Forethought given to these investnaleed TimkenSteel to address key quality advadcesg the planning
and design phases. The integration of metallurgreadeling as a tool for understanding process desigl optimization also
contributes to the flexibility gained through thesapital investments. Process design for centendimess and steel
cleanness are at the forefront of the discussitate® to these strategic technology investments aedthe two main
technical subjects discussed in this paper.
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Figure 1. Map of the Faircrest Steel Plant showirgglocations of recent strategic capital improvetse jumbo vertical
bloom caster (2014), second ladle refining sta®01.3), inline forge press (2013), ultrasonic irtfma line (2012) and
additional soaking pit reheat capacity (2011).
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DESIGN FOR CENTER SOUNDNESS

Strategic Investment - Inline Forge Press and Ultrasonic I nspection

In 2013 a 3000 metric ton inline open-die forgespretarted up on time at FSP without disruptioprimduction. The
investment is in direct response to customer ragues TimkenSteel high-quality melt in larger edl sizes (greater than 9
inches) with sound centers. This addition createxprocess paths for long products at FSP — ralldgl and forged-rolled.
Rolled-only material continued to bypass the fopgess as a part of the previously established psyoghile ingots and
blooms destined to be forged-rolled bar productermced one or more forging passes on the nemeialpen-die press.

Center soundness specification
With improvements in center soundness providedhkyitiline forge press came the need to validateqamaditify the center
quality. Visual and material density measurememésimpractical to use in a production environmgune to their small
sample size and destructive nature. Calculatgcten ratio, Equation 1, has historically beeadum lieu of a quantitative
measurement of center soundness. Reduction RiRpjs the ratio between the initial cross-secti@maa, A and the final
cross-sectional area,..A Reduction ratio limits have historically beeresified for single process conversion paths (either
rolling or forging).

RR = Ai/ A, )

Since the comparison between final bar quality wsielg an equivalent process history comparisore@oVs. rolled or

forged vs. forged), the relative relationships weatid enough to establish standard center sousdsgscifications for a
given steelmaker’s process (despite differenceatedeby process variations). However, becausectieturatio does not
actually quantify center density (it is strictly ayeetric), standardization across multiple steelrsgal is challenging —
leading, in some cases, to overly conservative atsolu ratio specifications. The forged-rolled pregdncorporates both
aforementioned deformation methods, so a singléggdaton for reduction ratio is no longer as effeetfor comparing

versus historical rolled-only or forged-only redoat ratio specifications. The installation of age bar ultrasonic testing
(UT) inspection line at FSP allows for the non-dasive evaluation of soundness requirements igdd+rolled large bar.
UT results close the feedback loop between forgdide process recipe development, computationaletivogl of proposed
recipes and the actual center soundness level.

UT inspection of bars is a non-destructive evabimatnethod for characterizing the soundness and/orolgeneity of long
product. UT evaluation utilizes the reflection oltrasonic sound waves to gauge the internal qualft products.
Unexpected reflections may be indicative of hetermities in the bulk of the bar Quality specifications for UT evaluation
are related to the frequency and estimated sizeenoflocumented indications. The raw UT resulhésreflected indication
screen height as calibrated to an estimated hedpeity size through the use of a range of speciatighined calibration
bars

Summarized UT results, such as the bar diametesuseindication frequency shown in Figure 2 helpirgefquality
capabilities and provide calibration and validatsupport for advanced process simulation efforBy; establishing this
additional link (in conjunction with targeted ingpit trials) between simulated and measured progluglity, a majority of
product can be produced without required UT inspadieyond an initial start-up approval phase.

Forged-rolled large bar soundness optimization

Increased levels of center soundness are achiévedgh the healing of remnant as-cast microporositiie scope of this
paper discusses shrinkage microporosity, and artheiu reference to ‘microporosity’ should be assdme be of the
shrinkage variety. Shrinkage pores are createdhvhere is inadequate connection to the remairiopgid steel during
casting, causing them to remain isolated in thalfas-cast structufé. This focus on soundness stems from research that
shows it is the remnant as-cast microporosity witiegh cause lower mechanical and fatigue propeirii¢ise as-cast state.
However, once this microporosity is healed (throtngt deformation) properties increase and platéaura@ught behavior
levels®. Understanding the entire process path and tbdupt soundness at each step is critical to imphtimg an
optimized process for center soundness. Utilipatid in-plant trials, non-destructive techniquesd atcomputational
simulation software facilitated the comparison otisdness quality between rolled-only and forgetedolarge bar. Of
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primary interest is tracking key simulation restlteoughout the entire casting-to-bar manufactugraress path to provide
a clear picture of center soundness evolution.

This comprehensive understanding starts at castiby identifying the starting condition of an ingot bloom. Initial
mitigation of microporosity occurs during steelmakiby controlling the casting design and procesamaters. By
designing and selecting the process parameterb éaumgot mold shape, material superheat, mecilesoét reduction, and
ingot filling rate or continuous casting speed) foigiven material composition the occurrence ofraporosity can be
minimized in the as-cast stiteA combination of physical sectioning and comgiotel tools provide the size and intensity
of internal porosity remaining after casting. Miporosity which is not prevented through castingcpss optimization can
be healed through further hot working. Howevergiiog and rolling each have separate contributtorte improvement of
center soundness as White, et. al statddiot work eliminates porosity, but the amount reai to produce full density in
bars is a function of the method by which the hmtkwis applied.” Computational simulation tools are used to charimz
the deformation (forging, rolling) processes ag/tredate to microporosity along the centerline a$tcproduct. It is found
that the maximum deformation during the rollinggess occurs at localized regions of the bloom##filée surface where the
rolls are in contact with the work piece (as shawma simulated bar cross-section in Figure 3a) iding good final shape
control. Open-die forging, on the other hand, alaeformation to penetrate throughout the wholetirgg bloom cross-
section during a given forging hit (as shown iniswated bloom cross-section in Figure 3b) providihe necessary
centerline deformation to heal remnant as-castapmosity.
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Figure 2. Figure showing the capability of the federolled and rolled-only process. Rolling defotima can leave remnant
porosity in larger bar sizes due to the surfacezentrated nature of the deformation. The forgdldgrocess is able to
fully consolidate the center material and prodacge bars which conform to stringent pass/fail soess specifications.

A simulation procedure has been developed for ingcthe soundness improvement from casting thrdirgh bar product
by identifying a combination of stress, strain @easity related variables which reflect the intésmundness throughout the
deformation process. This soundness tracking petexmis used offline to assess process path chaagésdirect
optimization efforts. A trial was performed to demstrate the difference between a non-optimized agtomized forged-
rolled process sequence. Figure 4 shows a compadé simulated soundness tracking parameter sesoit two trial
forged-rolled process sequences as well as theiatst measured UT indication profiles. Thereléaicalignment between
the UT indications and regions which show lowereal of the soundness tracking parameter. The zgtihforged-rolled
sequence shows that when a critical amount of dlumdness tracking parameter is achieved alongetigth of the work
piece the final bar passes UT inspection withodlications. It is important to note that the oviesthrting condition
(material, cast bloom size) and final rolled baesfand thus geometric reduction ratio) are idehfior the two examples
shown in Figure 4, yet only the optimized forgetle® sequence produces a sound product which nieeteequired UT
specification.

Shifting paradigms from the geometric reductiorioratalculation and focusing instead on the defoimmahecessary to
create a sound large bar facilitates a methoddlogtyallows TimkenSteel to produce a sound, laayepboduct
Source: Proceedings of the International Conference on Advances in Metallurgy of Long and Forged
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Figure 3. Simulated characteristic strain patt@nosluced during (a) rolling a quadrilateral to anmd and (b) open-die
forging. Rolling deformation is localized on thaface, especially near the breakdown of the mawners, while open-die
forging is capable of creating peak strain valugbacore.
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Figure 4. A plot showing the simulated soundnemsking parameter results for two forged-rolled psses — non-optimized
and optimized. Both processes share the samingtartd final bloom conditions. Below the plot agsults from two
centerline UT scans showing the indications produmethe two process sequences as measured ag&iteds B ultrasonic
limit (Class B is equivalent to a 178n flat bottom hole). Evident in the non-optimiz&/T scan are the remnant porosity
indications (red) that align with the lowest valudsimulated soundness tracking parameter; howied@rations are not
present in the optimized process due to a suffiderel of the soundness tracking parameter beagtred along the entire
length of the bar.
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at reduction ratios lower than historically accéfean the rolled-only process path. The forgedesbprocess combines the
beneficial centerline deformation produced in ogéenforging, as shown in Figure 3b, with the matdimensional control
produced through rolling deformation, as showniguFe 3a.

DESIGN FOR SURFACE QUALITY AND STEEL CLEANNESS

Strategic Investment - Jumbo Vertical Bloom Continuous Caster and Second L adle Refiner

In 2014 TimkenSteel Corporation cast the first Hbadugh its new jumbo vertical bloom caster, @ugést of its type in the
world. This vertical continuous casting machinkstrated in Figure 5, was cooperatively desighgdSMS Concast and
TimkenSteel. To facilitate the smooth start-ughef caster a second ladle refiner was installeddoé the caster in 2013.
Refining is a key process step and the additioa sécond refiner allows for manufacturing flexiyililess downtime and
expanded capability to make grades which requitengled refining times. The addition of a secorfthee also ensures
swift delivery of steel to the caster as needed.

The decision to incorporate a vertical design fer hew FSP caster was based on several factorsf britical importance

was the impact on steel quality. There are sesgaificant quality benefits inherent in the badésign of a fully vertical

continuous casting machine. The primary benefibéspotential to make steel with superior cleaaneSecond, the vertical
design provides a more symmetric axial solidificatand segregation pattern as compared to a cuneddi-caster. And

third, there are no unbending strains with a valtiaster which allows TimkenSteel to cast a graatege of steel grades.

Figure 5. lllustrated side view of the new Fairti®el Plant jumbo vertical bloom continuous caste

Cleanness
Perhaps the most recognized benefit of verticatiooaus casting is the positive impact on steehmiess (i.e., oxide
inclusion population and distribution). Most ceontbus casting machines are curved mold or bow type.those
configurations the solidification front on the idsiradius of the strand traps many oxide inclusamshey tend to float up,
leading to, what is referred to as, an inside mdimncentration of inclusions. The schematic diagin Figure 6 illustrates
the principle behind this phenomenon.

In an attempt to avoid or minimize this inside temdicondition, vertical with bending casting machihesigns were
introduced. These designs can provide a rangteef sleanness improvement primarily dependinghenléngth of vertical
section employed and the corresponding operatiaggspeeed. The removal potential of the oxide inohs depends, in part,
on the residence time in the vertical section. sThi turn, is dependent on the length of the galtsection and the casting
speed. An illustration of this improvement in $teleanliness is provided in Figuré®7 However, the improvement is
generally not as significant as achieved with dyfukertical caster. Additionally, the vertical Witbending design still
introduces bending, as well as unbending, strains.

Source: Proceedings of the International Conference on Advances in Metallurgy of Long and Forged
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Figure 6. Basis for the formation of an inside wsdioncentration of oxide inclusions in curved mmadting machines.
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Figure 7. Plot showing the effect of caster desigd casting speed on concentration of oxide inchssi
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In addition to the beneficial effect inherent witartical continuous casting on steel cleannesgeaial tundish design is
utilized on the new FSP caster to further optintleeremoval of potentially detrimental oxide in¢brss. This new tundish
design, in coordination with appropriate operatigractices, focuses on providing cleanness imprear@s during periods
of transition casting. Tundish design work incagied traditional water modeling techniques as agltomputational fluid
dynamics (CFD) modeling. Utilizing both these nweth allows for swift iterative design improvemetdw/ard the tundish
design optimization goals — maximizing mean resigdetime in the tundish, controlling velocity andbulence, maximizing
inclusion floatation and eliminating dead zoneshwib flow.

Internal quality
Another quality benefit derived from strand solickftion in a fully vertical orientation is a morgnsmetric solidification
structure, i.e., the metallurgical and geometriotees of the bloom are coincident. This is not ¢hse with curved caster
designs. Schematics of respective as-cast stag;tprovided in Figure 8, highlight the differenc&he alignment of the
equiaxed zone and the axis of center segregatitinthe as-cast section’s geometric center showdige more consistent
distortion behavior. Accordingly, this should alldbetter prediction of distortion and a significgmasitive impact on
distortion control of heat treated components.

Source: Proceedings of the International Conference on Advances in Metallurgy of Long and Forged
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The new caster also employs dynamic mechanicaledftction (MSR), the application of small amousitsleformation to

continuously cast steel prior to full solidificatid™® MSR is found to improve center segregation ameefoporosity in the

cast steel bloom center when compared to conveitimsting as shown schematically in Figute 9The active mechanism
in the application of soft reduction is a mild caregsion force applied primarily to counteract theti®n action of solute

enriched liquid into interdendritic and central €gegions due to solidification shrinkage. Theaiyit aspect of the soft
reduction system utilized on the FSP caster opémihe beneficial effects by locating the applaaif compression force
at the appropriate positions along the strand.

Surface quality
With regard to surface quality, a vertical casteesinot require bending or unbending of the straadyould occur in typical
bow or vertical with bending machines. Accordindlyere are no stresses resulting from bendinghdibg strains, thus
eliminating a major source of transverse crackfie @ibsence of bending/unbending strains also titeii the continuous
casting of many high alloy crack sensitive gradesse manufacture are generally confined to a atbtimgot cast practice.
In addition to the benefits of no bending strestesyertical strand shell faces facilitate thefammh application of secondary

cooling (spray water or air-mist), reducing the ogipnity for severe thermal gradients within thdidifying shell and the
resultant potential for crack formation.
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Figure 8. Drawings showing the difference in as-stisictures for curved mold (left) and verticahttouous casters (right).
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STRATEGIC TECHNOLOGICAL INVESTMENT

A multi-year series of strategic capital equipmienestments has been completed at the TimkenStardrést Steel Plant.
Significant effort and forethought contributed twe$e investments in order to ensure the desirddctiok impact on
advancing technological steel producing capalslitiKey advancements were made related to largedmaer soundness and
steel cleanness.

With the introduction of the forged-rolled multiqaress conversion path, which combines the benkfegaterline

deformation produced in open-die forging with thatane dimensional control produced through rolldeformation, the
center soundness paradigm shifts from the quedtiengeometric reduction ratio calculation to fodnstead on the
deformation necessary to create a sound bar asiadedl via UT inspection. This optimized methodglogjlows

TimkenSteel to produce a sound, large bar produggéametric reduction ratios lower than historigglbssible in the rolled-
only process path.

The start-up of the vertical jumbo bloom continumaster continues the TimkenSteel tradition of poddg some of the
cleanest steel in the world. Through optimized hivae and operational practice design, the new Ti8keel vertical jumbo
bloom caster provides a number of distinct quatitivantages over most other continuous casting meshi Table |
illustrates the relative effect of caster desigrsarface and internal quality, as well as steauhess.

Table I: Summary of Relative Impact of Several @udtactors for Different Caster Designs

Curved Mold CC Vertical w/Bending CC Fully VertldaC
Steel Cleanness 0 + ++
Surface Quality 0 - +
Internal Quality - 0 +

Where “0” = No Impact,

“-" = Negative Impact, “+" Bositive Impact, “++" = Significant Positive Imgac

When taking all of these investments togethera/tes a highly flexible and efficient process pettdeliver steel products
to overcome our customer’s toughest challenges.
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