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ABSTRACT

An elasto-visco-plastic deformation model predistiesses and distortions in a
low-carbon steel casting. Features of the modelude rate and hardening effects,
temperature-dependent properties, and pressurewdiepie deformation in the mushy
zone. A volume-averaging technique considers thkipe phases during solidification
and is used to formulate the conservation equatawhgh (due to a weak link between
temperatures and deformations) are decoupled daddssequentially using commercial
software. Temperature fields are calculated fusing MAGMAsoft MAGMAsoft
MAGMA GmbH, Kackerstrasse 11, 52072 Aachen, Gerand then exported to a
finite element software package, ABAQUASbaqus/StandardAbaqus, Inc., Providence,
RI, 2006), which predicts stresses and distortiofrs.order to simulate the conditions
encountered in an industrial casting process, preditemperatures and distortions are
matched with experimental data framsitu casting trials. Preliminary simulations do
not agree with the experimental distortions, whstlggest that stress-strain data from
mechanical tests (from which the mechanical progerivere estimated) does not
accurately characterize the material behavior ofaating during solidification and
cooling. The adjustments needed to match measamddoredicted distortions provide

valuable insight to the effect a solidified microsture has on its mechanical properties.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

During solidification and cooling of a steel cagtithermal contractions not only
reduce the casting volume but also lead to unwastesks-induced distortions, i.e.,
plastic deformation. For particular casting geamst however, a stress-free casting
void of mechanical strains may be produced; corsatty) the dimensional changes are
the sole result of thermal strains, and the finadeshsions are accurately predicted with a
shrink rule. Nevertheless, this is generally tlé case, as most geometries are
conducive to the generation of stresses and as$sdamechanical strains resulting from
1) contact interactions at the mold-metal interfaZe uneven cooling throughout the
casting, and 3) the occurrence of solid-state pliesesformations at different times
throughout the casting. Not only can these steesaese gross distortions in the final
part, but also defects such as hot tears may farich are irreversible cracks that
develop in the semi-solid mushy zone [1]. For ¢hemasons, the quality of the casting
may be compromised and require costly, time-consgmework.

A thorough understanding of the material behaviooughout the casting process
is essential to minimize the aforementioned issulesrecent years, thermal simulation
software has been combined with advanced stresselsndd predict stresses and
deformations during solidification and cooling; date, the models have been calibrated
with stress-strain data from previous mechanicatstdusing reheated samples in a
controlled environment). Unfortunately, because thicrostructure created during
solidification differs from that of a reheated sipeen, the ability of these models to
accurately predict deformations in an industriaticey process has not been verified. In
order to emulate the conditions encountered in sirgf environment, measurements
should be acquired duringn situ experiments, from which the measurement of

displacements at high temperatures provides aerigsl
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1.2 Objective of Present Study

The objective of this work is to validate the fenklement stress simulation of a
steel casting throughout solidification and coolinging force and displacement
measurements fromm situ casting trials. By calibrating model parametersmatch the
in situdata, a better understanding will be gained dlsdaceffect a cast microstructure has
on its high-temperature mechanical properties.

For the present study, an elasto-visco-plastic tdotise model that considers
damage is implemented in an ABAQUS user-defined UMgubroutine to predict
stresses and distortions during solidification andling in a steel casting. To validate
the model, experimental data is acquired fromsitu casting trials in which a long,
slender low-carbon steel bar is produced. Withaldeof a restraint and turnbuckle, an
axial force is applied to the bar at high tempeedgubefore solidification is complete),
generating stresses and mechanical strains inatsteng. The applied force, dimensional
changes, and temperatures of the bar are measynedndtally throughout the casting
process. An additional casting trial serves asetpgerimental control to determine the
thermal strain in the steel bar, which is subsetipesubtracted from the total strain to
calculate the mechanical strain.

Through a decoupling of the volume-averaged comsienv equations, stresses
and deformations are predicted in a two-step psoassig commercial software. In the
first step, MAGMAsoft calculates the temperaturelds during solidification and
cooling, which are then used to determine the miakry temperature-dependent
mechanical properties (estimated with experimesttalss-strain data from the literature)
at all times and locations throughout the bar. the second step, stresses and
deformations are calculated with ABAQUS; the expemtal control is simulated first to
determine the thermal expansion coefficient ofdtezl. Then, using the measured force

as a boundary condition, the axial length changéefsteel bar is predicted. Finally,
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through an adjustment to the elasto-visco-plastiameters, the measured and simulated

distortions are matched at all times throughoutctsting process.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Plasticity of metals has been studied for hundrefisyears across several
disciplines, including physics, mathematics, andjimeering. Data from previous
experiments has been integral in the developmentvahdation of deformation models.
Until recently, the mechanical behavior near thdtinge point of metals had not been
studied. With recent technological advances, hawethe development of high-
temperature testing machines has facilitated tlaeacerization of material properties at
temperatures encountered during casting proces3é®se tests have led to a better
understanding of deformation mechanisms and matergerties associated with high
temperatures, which in turn have spurred the deweémt of increasingly complex
computational models. This chapter reviews previbuhigh-temperature experiments,
and 2) computational models developed to predrelssés and deformations in casting
processes. Primarily, this survey focuses on stasdtings; however, relevant
experiments and models of other metals (i.e., alumiand magnesium alloys) are also

briefly reviewed.

2.2 Previous Experiments

2.2.1 Mechanical Testing

Early attempts to characterize the high-temperati@fermation of carbon steel
alloys were conducted with mechanical tests usefgeated specimens. Experiments
were generally performed in a controlled, inert @phere, in which the specimens were
annealed for a period to create isothermal conditioMost studies were conducted with
either steady-state tension (constant strain @teyeep (constant load) tests. The first
comprehensive study on the high-temperature behafigteel was from Feltham [2],
who performed creep tests in a vacuum furnace @vange of carbon contents (0.05% to

1.15%) for austenitic carbon steel from 940°C tOE. Oxidation of the test sample
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was prevented by smearing the inner walls of tineace with carbon, which reacted with
residual oxygen in the vacuum chamber to creatglzoa monoxide atmosphere.

Wray and Holmes [3] used a vacuum furnace floode&d argon gas to perform
tensile tests on several austenitic ferrous allvgen 950°C to 1350°C. With the
exception of zone-refined iron, all samples produsinilar stress-strain curves. Using
the same experimental setup as [3], Wray [4] cohmamsively characterized the
mechanical behavior of austenitic carbon steeludiihout a range of temperatures (850°C
to 1250°C), carbon contents (0.005% to 1.54%),srain rates (6xI0to 2x10% 1/s).

In order to study the different stress conditionginy a continuous casting
process of steel, Suzukt al. [5] performed a series of creep experiments, ooy
tension, compression, sinusoidal tension-comprassiod stress removal tests. Using a
single carbon content (0.19%), the tensile crests terere performed at different stress
levels (4.1 to 9.8 MPa) from 1250°C to 1400°C. Tésults of the tests were fitted to a
time-hardening equation and valid for strains uphoonset of dynamic recrystallization.

Zhanget al.[6] performed tensile tests with a Gleeble at Hgyhperatures (above
1200°C) and fit the data to an elasto-visco-plastadel. However, thermal gradients in
the test specimens, which resulted in non-unifoefonation of the sample, created

uncertainty in the parameter estimation.

2.2.2 In situ Testing

The nature of solidification inherently leads tduse rejection into the liquid,
resulting in a segregated microstructure. ConWersthe annealing period during
mechanical tests likely annihilates any existingcnmsegregation to create a
homogeneous material. As a result, these microschfferences may have a significant
impact on the material properties. Therefore, daten in situ tests, rather than

mechanical tests, should be used to charactereendthanical properties. In addition,
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due to the nonlinear stress-strain relationshiggtetl during plastic deformation, both
force and displacement data should be measuredndgaldy throughout the entire
casting process.

Parkins and Cowan [7] produced bar castings wahdes on either end to study
the effect of the mold restraint on casting defdram A contact interaction at the mold-
metal interface of the flange constrained the b@nffree contraction and induced plastic
deformation during the cooling period. The corticat of the bar was measured
dynamically using dial gauges, which monitoreddisplacement of steel rods embedded
in each end of the casting. However, no restfaites were measured in this study.

Nyichomba and coworkers [8,9,10] studied the effe#fctmold restraint on grey
iron castings for different sand mold materialgluding green sand and furan. While
the casting geometry was similar to that of Parkamsl Cowan [7], only the final
contraction of the bars was measured after shakedggin, no restraint forces were
measured.

Monroe and Beckermann [11] devised an experimendytmamically measure
both the casting deformation and restraining farcea T-shaped steel casting. The
experimental setup included a restraint (shown igufé 2.1), which was constructed
from metal pipes and endplates. Force transditmad bolts) were inserted through the
restraint and connected in series with restraifialgs, which were embedded into each
end of the casting. From small tabs (which protcudi®m the casting surface), the
displacement was transmitted along quartz rods arehsured with displacement
transducers (LVDT's). Unfortunately, a contacenaiction at the mold-metal interface of
the tabs was the source of additional restraihéncasting, which was not measured by
the load bolts.

The submerged split-chill tensile test (SSCT), Wwhiwvas developed by
Ackermannet al. [12] and used in subsequent studies [13,14,15yaclerizes the

mechanical behavior during solidification to prediot tears. The test apparatus consists
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of a two-piece cylindrical assembly, shown in Fg@r2. The upper part is fixed, while

the lower part is connected to a piston (which fnayranslated vertically to create a gap
between the upper and lower parts). The assemldylbhmerged into a pool of molten

metal for a short period to form a solid shell am@uhe cylinders. After removing the

assembly from the pool, the piston is translatesih@a hydraulic jack), which separates
the upper and lower cylinders to deform the sakdifshell. The applied force (from the

jack) and displacement (of the piston) are dynallyicaeasured. While this experiment

gives valuable insight into the formation of hoarg it is not particularly useful for the

prediction of casting deformations; the complex rgetry of the apparatus introduces
uncertainty as to which force and displacementdbanmeg measured.

Several relevarnn situ experimental studies were also performed usingnigum
alloys. Motoyama and coworkers designed an exgmarirgshown in Figure 2.3) to study
deformations of an aluminum alloy casting resultirgm interactions between the sand
mold and casting [16,17]. The casting geometry w@sprised of a long, narrow bar
with a flange, which created a contact interactainthe mold-metal interface and
restrained the casting from free contraction. Adlacell and LVDT were used to
dynamically measure the restraint force and castorgraction, respectively, throughout
solidification and cooling. To study gap formatiand its affect on heat transfer, Bellet
et al. [18] dynamically measured displacements at fogations near the mold metal
interface of a cylindrical casting with a core (amoin Figure 2.4). Stangelard al. [19]
designed an experiment (shown in Figure 2.5), incwhwo aluminum bars were
restrained from thermal contractions by anchordyalte tensile force and length change

in one of the bars was measured dynamically.

2.3 Previous Models

The first computational model used to predict steesand mechanical strains in a

steel casting was presented by Weiner and Bolely {#0o calculated the 1-D thermal
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stresses in a semi-infinite slab, from which thagerature field was solved analytically.
The plate was constrained from bending and modakdin elastic-perfectly plastic
material. In addition, the yield stress was takerbé¢ a linearly decreasing function of
temperature with a value of zero at the soliduspemature. The calculated stresses
(compressive near the mold-metal interface butemmsion near the solidifying front)
exceeded the yield stress and resulted in pldstic thoth at the casting surface and near
the solidification front. However, this simplifiechodel did not account for corner
effects, which are important considerations in @aticmious casting process.

Several early computational models studied theplog between air gap
formation (between the mold and casting) and heaister at the mold-metal interface.
Grill et al. [21] coupled the heat flow and deformation in anfiverse slice to predict
cracks in the solidified shell. Using a plane streassumption, an elasto-plastic
constitutive model calculated gap formations prebamily near the corners, which in
turn reduced the heat transfer to create hot sgotstiansson [22] expanded on the work
of Grill et al. by modeling the time-dependent mechanical behawvfosteel at high
temperatures with a creep model. Katyal.[23] analyzed the heat transfer and stresses
in both the mold and solidifying billet to calcudathe air gap. Belleet al. [18]
developed a 3-D elasto-visco-plastic model to stay formation in an aluminum alloy;
the model was validated with displacement dateectéld from ann situ casting trial of
an aluminum cylinder with a core (shown in Figuré)2

Using a creep model, Rammerstrofer al. [24] studied the effects different
cooling methods on the stresses after a continoass steel billet exited the mold. A
reheated strand was found to generate more strésmes monotonically cooled strand
and thus increase the crack susceptibility.

Boehmeret al. [25] employed two modeling strategies to calculsttesses and
deformations in a continuous casting strand ofed#fit materials. For a low thermal

conductivity material (i.e., steel) a 2-D transiemalysis was performed on several
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transverse slices (near the mold outlet) to detsenthe load history for the stress
calculations. For high thermal conductivity matkyiéi.e., copper), a 2-D steady-state
analysis on a longitudinal cross-section of tharerdgtrand was used to model the high
thermal gradients along the axis.

Cardona and coworkers implemented an Arbitrary dagitan Eulerian (ALU)
technique for the time integration in the mechanmablem of a continuous casting
strand of steel [26], which was used in subsequenks to compare constitutive models
[27] and compare the computation times and perfoo®as with a generalized 2-D plane
strain formulation [28]. For the former, it wasufal that the ALU technique incurred
higher computational costs while producing simisults as the generalized plane strain
formulation. Similarly, Bellet and coworkers aldeveloped an ALU formulation [29],
which was used to model the mechanical behaviormaactosegregation of a two-phase
mixture of solidifying steel [30].

Thomas and coworkers presented four constitutilegioas to model the time-
dependent behavior of solidified austenitic stegl]] all models were fit to the
experimental data of Wray [4] and Suzekial. [5]. Model 11l was found to be the best
compromise (based on its ability to fit the testadand maintain numeric stability) and
used in subsequent studies; Li and Thomas [32]ldped an in-house finite element
code (CON2D) to solve for temperatures, stresses,serains as a steel billet translates
near the mold exit. Koric and Thomas use imp|[&#] and explicit [34] time integration
methods to solve for stresses and strains duringramus casting processes.

To date, the only study that has useditu dynamic measurements to validate a
computational mechanical model of a steel casting performed by Rowest al. [35],
who modeled the submerged split-chill compressB8CC) test (shown in Figure 2.6).
This experiment, which is a simplified version dfet SSCT test, characterizes the
mechanical behavior of a solidifying steel shélb validate the model, the simulated and

measured forces were matched during solidificatidowever, because no displacements
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are dynamically measured in the SSCC test, theracgwf the model parameters could
not be verified.

Numerous studies have used computational models predict casting
deformations in other metals. Rappaz and cowordg87,38] and Mo and coworkers
[19,39,40,41] studied deformations in the DC alwmincastings to predict hot tears.

Pokornyet al. [42] used a computational deformation model todjmtehot tears in a

magnesium alloy.
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Figure 2.1. Experimental setup of Monroe and Beckermann [A[T-shaped casting

was restrained from free contraction with a restrauilt from two pipes and endplates.
Restraining bolts (F1 and F2) were embedded in eadiof the casting and connected in
series with load bolts, which dynamically measutieel restraining force. The casting
contraction was transmitted from tabs (which praéd from the casting) via quartz rods
and dynamically measured with LVDT’s (D2 and D4).
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Figure 2.2. Submerged split-chill tensile (SSCT) test developgdAckermanret al
[12]. The two-piece cylinder consists of a statdignupper part (2) and lower part (1).
After a shell forms around the cylinders, a dowrdviarrce is applied to a piston (which
is connected to the lower cylinder) to separateciimders and deform the solidifying
shell. The applied force and piston displacemesntignamically measured.
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Figure 2.3. Experimental setup of Motoyama and coworkers [16,Tb characterize
the material behavior of a solidifying aluminumagllin a sand mold, an experiment was
devised to generate axial forces through the aastiesulting from mold-metal
interactions at the flange. The length changehim tasting and axial forces were
measured with an LVDT and a load cell, respectively
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Figure 2.5. Top view of the experimental setup of Stangelatdal [19]. Two
aluminum bars were cast and fed from a cylindrieader. Anchor bolts were used to
prevent thermal contractions. The axial force Emjth change of the lower bar were
measured dynamically.
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solidification, the required forcd-£) to maintain the vertical position at the top bét

assembly is measured dynamically.
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CHAPTER 3: DESCRIPTION OF EXPERIMENTS

3.1 Introduction

The ability of a computational model depends on labesely the experiments
(which are used for validation) capture physicampdmenon. Clearly, a mechanical test
(in which reheated, homogeneous specimens undirersoal conditions are plastically
deformed) cannot recreate the harsh conditions rofirmustrial casting process.
Therefore, in order to collect meaningful datesitu casting trials were performed. This
chapter thoroughly explains the experimental sgi@ection 3.2), casting procedure

(Section 3.3), and experimental results (Sectidi. 3.

3.2 Experimental Setup

The experimental design was motivated from the pmgdion that total strain,

&rotal, IS decomposed into the sum of its mechanigaly, and thermalsy, parts, shown as

Eiotal = Emech T Ein (3.1)

mec!

Because mechanical and thermal strains arise frifferaent types of loading (and are
thus calculated differently in the simulations)ndacting separat@ situ experiments to
measure each component of the total strain isat@sir However, while it is possible to
measure thermal strain in the absence of mechasiiah, the opposite would be very
difficult. Consequently, two experimental setugsted “Unrestrained” and “Strained”,
were created (shown in Figure 3.1). While castipgsduced from the Unrestrained
setup (experimental control) were designed to ae®pee free contraction, the
combination of a restraint and induced force (framturnbuckle) generated plastic
deformations in the Strained castings. Experimehi®th setups produced a steel bar of
identical dimensions (12 inches long with a l-irefuare cross section). Figure 3.2
shows isometric views of the experimental setugsleamold dimensions and are shown

in Figure 3.3. Additionally, two sprue diametetsiich and 1.5-inch) were used in the
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Strained experiments to create different tempeeagmadients along the axis of the bar;
all Unrestrained experiments used a 1-inch sprue.

Because the computational model (which will be dbsd in Chapter 5) predicts
deformation in the mushy zone, it was criticalriduce stresses before solidification was
complete. At some time during solidification, tteel reaches a level of coherency and
can transmit forces; stresses incurred beforetitihis will likely result in casting failure.
Because the casting was small (and therefore caplekly), a narrow window existed
between the coherency and solidification times. er&fore, through a trial-and-error
method, the turnbuckle was engaged at differenggito collect force and displacement
data after the “time to coherency” but before cagtgpkolidification.

The setups in Figure 3.1 were outfitted with a namdf measurement devices to
acquire temperature, force, and displacement dd@mperatures in the casting were
measured using type B thermocouples, which werasatin quartz tubing to protect the
thermocouple wires from the molten steel. Thermupd® placement is shown in Figure
3.3. In order to differentiate the temperature sne@ments, the thermocouple locations
are termed “Sprue” and “Right”, as shown in Fig8r&(a).

Force measurements were acquired with an Omega WZ3L load bolt
embedded on each side of the restraint and corth@ttseries with a restraining bolt
(constructed from half-inch threaded steel rod andto an appropriate length). Nuts
were threaded onto the ends of the restrainingshboKide the mold cavity to act as
anchors and minimize slippage resulting from tenfrces induced by the turnbuckle.
The restraining bolts were connected to the lodts wath a coupling and turnbuckle on
the left and right sides, respectively. Care vedken to axially align the restraining bolts
with the casting.

Displacement was measured with an Omega LD620-5 T\(llhear variable
differential transformer) at each end of the mold. 3 mm diameter quartz rod was

connected at one end to the LVDT, while the othet was inserted 3-5 mm into the
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mold cavity. To ensure the quartz rod did not sliphe casting, the end of the rod was
bulged into a spherical shape using an oxy-acetyterch. While quartz is a suitable
material to use in this application because ofhitggh melting point and low thermal
expansion, it is also extremely brittle. The gmamds frequently broke during the
experiments due to the build-up of compressivessé® as the casting cooled. To
alleviate this problem, protective metal sleevesaweserted over the bulged ends inside
the mold cavity. The axial length change in the fas calculated by adding the
displacements measured from the two LVDT’'s. Nwoten Figure 3.1 that the LVDT
supports were not in contact with the restraint.hisTassured that the relative
displacement measured by the LVDT's was from ttetieg itself and not the restraint.

The mold boxes and patterns were built from wood.cope and drag were
produced for each setup, which can be seen in &igu(b). The horizontal parting
plane coincided with the top of the casting. Inesrtb avoid drilling holes through the
solidified molds (to insert the thermocouples, nasing bolts, and quartz rods), holes
were drilled in the mold box, through which steetls were inserted into the pattern
before filling the mold box with bonded sand. Aftee molds solidified, the steel rods,
mold box, and pattern were removed, and the measuniehardware was inserted at the
appropriate locations. Using a drill, a verticaldhwas drilled through the cope to serve
as the sprue. The cope, drag, and a pouring dap failt with bonded sand) were
assembled and held in place with a foundry pasigeights were placed on top of the
cope to minimize flashing.

To build the molds, Unimin IC55 silica lake sandswaonded with a phenolic
urethane no-bake (PUNB) binder system and mixedaiPalmer M-50 no-bake
continuous mixer. The binder accounted for 1.25%he total mold weight and was
mixed using a 55:45 ratio of Part 1 (Pep Set 16@®art 2 (Pep Set 2000). The chemical
reaction was accelerated with a catalyst (Pep B&t)3ased on 6% of binder weight.

The molds were designed to contain symmetry aldwutvertical planes that cut
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through the mid-depth and mid-length of the caststgpwn by the CAD drawing in
Figure 3.2(a). In addition, due to the castingisah mass (less than 10 kg), frictional
forces between the casting and mold were neglectdterefore, because of the mold
design, mechanical strains were 1) neglected inUheestrained experiments, and 2)
generated only from the induced forces of the tuckle in the Strained experiments.
Experimental data was collected using an 10tech eh@905 Personal DAQ
system connected to a laptop computer and acquiidtdDASYLab [43] software. A
sampling rate of 2 Hz was used at high temperatanesswitched to 0.5 Hz at lower

temperatures (< 800 °C).

3.3 Casting Procedure

Experimental casting trials were performed at thmversity of Northern lowa’s
Metal Casting Center. The target chemistry was MSY216 grade WCB carbon steel.
The castings were poured from a 250 Ib heat andapee in an induction furnace.
Because of the heat loss encountered during timsfénafrom the furnace to pouring
ladle, the molten steel was heated to approximét@f0°C. The castings were poured
within four hours after building the molds. Immatdily before pouring, any slag was
removed from the ladle. With the exception of final casting trial, the liquid steel was
transferred from the pouring ladle to a smallerdibald ladle and then poured into the
mold. However, this additional step resulted iritfar heat loss (which will be explained
in detail in the following section). Therefore,an attempt to retain this heat, the mold in

the final casting trial was filled directly fromelpouring ladle.

3.4 Experimental Results

In total, nine casting trials were performed (3 &Btrained, 6 Strained). In order
to distinguish between individual casting trialacle experiment will be identified by its
type (Unrestrained or Strained) followed by a numbable 3.1 provides a summary of

all casting trials, including the diameter of tipge and casting chemistry.
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Examples of the Strained and Unrestrained casangshown in Figure 3.4; with
the exception of the threaded rods protruding fritv@ ends of the Strained bar, the
castings are essentially identical. Radiographghef Strained 1 (1-inch sprue) and
Strained 4 (1.5-inch sprue) casting trials are showFigure 3.5. The two small circular
shapes on each radiograph show the thermocoup&idos. While the Strained 1
radiograph looks to be sound, the Strained 4 radply appears to have accumulated
significant damage to the right of the sprue. Tdasnage, which will affect the stress
simulations, will be discussed in detail in Chaiter

All experimental results are shown on large (1280@nedium (1600 s) and small
(250 s) time scales to illustrate the occurrencelifierent events during solidification
and cooling. Temperatures from the thermocougléiseaSprue (termedpg and Right
(termedTiignt) locations of the casting are plotted as functiohme in Figure 3.6 and
Figure 3.7, respectively. While a distinct diffiece is seen in cooling times of the large-
sprue and small-sprue castings at the Sprue logdhe differences at the Right location
are more subtle. Also, differences in experimeatealditions (i.e., pouring temperature,
casting chemistry, amount of metal in the pouringp)ccreated additional (slight)
variances between each casting trial.

The evolution of the temperature curves can beagxgdl by referring to the
“Strained 6” curve in Figure 3.6 and Figure 3.7A sharp peak is seen after a few
seconds at the Sprue location, shown in FigurecB.@6 the temperature increased to a
maximum of approximately 1550°C before rapidly @asing to the so-called liquidus
temperatureTiq). At this temperature, the liberation of lateeahreduced the cooling
rate to nearly zero to indicate the onset of sfdidiion. Hence, the liquidus temperature
was experimentally determined at this arrest. #ilar plateau can be seen in the
“Strained 6” curve at the Right location, as shawrrigure 3.7(c). Although no peak
appears at the Right location, the arrest occluatéde same temperature (1482°C) as the

Sprue location, thus verifyindji;. Because of its pronounced peak in the temperatur
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curve, the Strained 6 casting trial was the onlpegdnent in which the liquidus
temperature could be experimentally determined. @k is seen in the other
temperature curves due to one or more of the fatigweasons: (1) the superheat was not
large enough, (2) the thermocouples had a delagsdonse time due to physical
limitations, and (3) the casting size was small emaled quickly. In Strained 1-5 casting
trials, the molten steel was transferred from gddadle to a smaller ladle before pouring
the castings in an effort to protect the experiraeatuipment. However, this resulted in
a significant loss of superheat. In the StraiGezkperiment, however, the casting was
poured directly from the large ladle. Additionallymm diameter quartz tubes were used
(rather than 6 mm tubes for the previous experig)ertb protect the type B
thermocouples, which reduced the response time.

The solidus temperaturelg), which represents the end of the solidification
period, was experimentally determined as the teatpes at which the maximum cooling
rate occurred. The cooling rate curves, showniguré 3.8, were calculated as the
temperature change per time step and plotted agtidms of measured temperature.
Because the exact temperature at maximum coolitgg @an be difficult to determine
from the cooling rate curves, the solidus tempeeashould be viewed as an approximate
value whose accuracy is within a few degrees ofatieal solidus temperature. In
addition, whereas the liquidus temperature dep@amdghe casting chemistry only, the
solidus temperature depends on a number of fatctoksding casting chemistry, cooling
rate, and microsegregation. As a resiliy varied between the Sprue and Right
locations, as shown in Table 3.2.

Upon further cooling, the solid-state phase trams&tion from austenite to
pearlite and proeutectoid ferrite caused anotherpégature arrest (at approximately
675°C), which can be seen on the medium and lamge gcales in Figure 3.6 and Figure
3.7.

Displacement results, plotted as the axial lengtinge of the bar as a function of
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time, are shown in Figure 3.9. Results on the éatgne scale show excellent
reproducibility of all Unrestrained experiments, tae curves essentially lie on top of
each other. Slight differences are seen at thd-stdite transformation (characterized by
the “wiggles” at approximately 1500 s), which werémarily the result of differences in
the casting chemistry. Additionally, the perceahdth change of the Unrestrained
experiments was approximately -2.15%, which iselmsthe free shrink of steel. In the
Strained experiments, the effect of the appliediiuckle force can be seen in Figure
3.9(c). Before the turnbuckle was turnéd<(50 s), the axial lengths of all Strained
experiments decreased with time (due to thermakractions of the bar). As the
turnbuckle was turned, however, the axial lengthnge increased with time, as the
applied force induced mechanical strains, whichntenacted the thermal contractions
and lengthened the bar. Because the forces weieedmat different magnitudes and
times, the axial length changes varied betweenretlaexperiments. After the induced
straining period, the measured axial length brietytinued to increase (likely due to
creep effects) before decreasing as thermal cdidradominated the total strain. Upon
reaching the solid-state transformation, the ssegtificantly increased in strength and
the stresses in the bar were no longer sufficeigieherate plastic strains. As a result, the
Strained and Unrestrained curves are nearly paiter the transformation, shown in
Figure 3.9(c).

An interesting phenomena of all displacement cuogesirred a few seconds after
the casting was poured. The LVDT's measured af,bbet steep, decrease in the
displacement beginning at 5 seconds and continaedpproximately 20-30 s, after
which the slopes flattened. Because it is unlikibgt the bar had solidified into a
coherent network after only a few seconds, thigaindisplacement cannot be explained
by thermal contractions. Rather, this brief coctican could have been the result of
mold’s thermal expansion upon heating, which attetbqueeze” the liquid metal out of

the mold cavity and into the pouring basin. Aseault, the quartz rods, which were
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embedded in the ends of the bar, translated iniardsult in a negative displacement
reading. Because it was neither the result ofntlaéror mechanical strains, this initial
displacement will not be considered in the comparismeasured and simulated
displacements (to validate the stress model).

Measured forces from the Left (non-turnbuckle sitbed bolt of the Strained
schematic (shown in Figure 3.1(a)) are plotted amation of time and shown in Figure
3.10. Nominal stresses, calculated as the fondati by the initial cross-sectional area,
are included on the right vertical axes of the glotFigure 3.10(c) shows the forces
increased dramatically throughout the induced rstngi period, after which they
continued to increase, albeit at a slower rate.s Tifcrease in forces occurred as the
result of thermal contractions in the bar. Theadsstate transformation can readily be
seen on the medium time scale, shown in Figure(B8),18s the familiar wiggle that was
also seen in the displacement curves.

By comparing measurements from the Left (non-tucklai side) and Right
(turnbuckle side) load bolts shown in the Straisetiematic (Figure 3.1(a)), a force
imbalance, shown in Figure 3.11, reveals the extgteof an interaction between the
mold and casting. This interaction, which occurbedween the sprue and mold, was
initiated during the induced straining period. Umderstand the curves in Figure 3.11,
further explanation is required of how the turndackorked; to engage the turnbuckle, a
ratcheting wrench was used to apply a torque amd thie turnbuckle. After the
turnbuckle was rotated for a partial turn, the wtenvas ratcheted (released) and then
turned again to generate additional stresses. nBuhe time which torque was applied,
the Left and Right measured forces were balancedpanteraction occurred. However,
when the wrench was released, the mold contactedspinue, resulting in the force
imbalance. Therefore, as the wrench was turnedhamecal strains likely created a gap
between the sprue and mold. Because the bindbe ahold-metal interface had already

evaporated, loose grains of sand may have fallem time gap. As the wrench was
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ratcheted, the release of elastic strains may baused the sprue to rest against the mold
and transmit a force at the mold-metal interfad® model this interaction in the stress

simulations, a force boundary condition will crehtg the base of the sprue (described in

Chapter 6).
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left load restraining restraining  right load

bolt bolt bolt bolt
coupling nut | turnbuckle

protective support

support t B
. sleeve refractory  type
restraint brick thermocouple
quartz rod quartz rod
(a) Strained
quartz rod quartz rod
LVDT LVDT
protective protective
support

Figure 3.1.
mid-plane.

SUPPOM -~ gleeve refractory type B sleeve

brick thermocouple

(b) Unrestrained

Schematic of Strained and Unrestrained experimeetalps at the casting
Displacements and forces were measwrtdd LVDT’s (Linear Variable

Differential Transformer) and load bolts, respeeliyv  Temperatures were measured in
the steel with type B thermocouples.
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Mid-length plane

(a) Strained

(b) Unrestrained

Figure 3.2. Pro-E drawings of the isometric view of the Strairend Unrestrained
experimental setups. The molds were designedritatosymmetry about the mid-depth
and mid-length vertical planes to minimize mold-ahéteractions.
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Figure 3.3.
Unrestrained setups.
thermocouple locations. The sprue diameter faiéd 4, 5, and 6 casting trials was 1.5
inches. All other casting trials used a l-incluspdiameter.

Sprue location

\

Right location
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Table 3.1  Summary of sprue diameter and casting chemistrglfaasting trials.

Sprue Diameter Casting Chemistry

(inches) %C  %Si %Mn %P %S  %Cr %Al %Cu %Fe

Unstrained 1 1 0.21 .050 052 0.072 0.002 0.08 0.070 0.08 bal.
Unstrained 2 1 0.32 069 064 0.025 0.014 0.23 0.054 0.10 bal.
Unstrained 3 1 0.25 059 055 0.012 0.014 0.04 0.069 0.04 bal.
Strained 1 1 0.25 0.58 0.62 0.022 0.016 0.03 0.087 0.05 bal.
Strained 2 1 0.25 0.61 056 0.021 0.017 0.10 0.071 0.08 bal.
Strained 3 1 025 045 046 0.019 0.017 0.04 0.045 0.03 bal.
Strained 4 15 0.20 041 042 0.015 0.009 0.01 0.028 0.04 bal.
Strained 5 15 041 276 039 0.089 0.031 0.01 0.035 0.75 bal.
Strained 6 15 0.30 057 041 0.031 0.026 0.02 0.056 0.01 bal.
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Figure 3.4. Examples of the Unrestrained and Strained castings.

(@) 1-inch sprue

(b) 1.5-inch sprue

Figure 3.5. Radiographs of the large-sprue and small-spruengtitaastings.
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Figure 3.6. Measured temperature results at the Sprue locatstiown on the
schematic in Figure 3.3) of the Unrestrained (uan{l Strained (str.) casting trials on
large (12,000 s), medium (1600 s), and small (950re scales.
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Figure 3.7. Measured temperature results at the Right locatgmown on the
schematic in Figure 3.3) of the Unrestrained (uan{l Strained (str.) casting trials on
large (12,000 s), medium (1600 s), and small (950re scales.
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Figure 3.8. Cooling rates of the Unrestrained (unr.) and Sadi(str.) bar experiments
at the Sprue and Right locations. The approxirsalielus temperature is experimentally
determined as the temperature at which the maxieuoting rate occurs.
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Table 3.2  Summary of solidus temperatures. Solidus tempersitu
were experimentally determined as the temperattir¢h@ maximum
cooling rates.

Solidus Temperature
Sprue Location (°C) Right Location (°C)

Unrestrained 1 1413 N/A

Unrestrained 2 1396 1362

Unrestrained 3 1391 N/A
Strained 1 1396 1405
Strained 2 1378 1395
Strained 3 1385 1369
Strained 4 1409 N/A
Strained 5 1390 1359
Strained 6 1375 1395
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Figure 3.9. Measured axial length changes of the Strained) (atrd Unrestrained
(unres.) bars on large (12,000 s), medium (160@rs), small (250 s) time scales. As
force is applied during the Strained experimerits, dxial length change increases with
time, as seen on the small time scale. The ingrgasial length change seen after 600 s
(on the medium time scale) is the result of thesstiate transformation.
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Figure 3.10. Measured Left turnbuckle forces (shown on the sehtemn Figure 3.1)

of the Strained experiments at the Right locationarge (12,000 s), medium (1600 s),

and small (250 s) time scales. The decreasing feeen after 600 s (on the medium time
scale) is the result of the solid-state transforomat The induced straining period (shown

on the small time scale) shows the different tirmed durations for which the turnbuckle

was turned.
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Figure 3.11. Comparison of Left and Right (shown on schemati¢igure 3.1) load
bolt forces from the Strained 4 experiment. Thftetence in forces, which was typical
of all Strained experiments, was the result arraat#gon between the mold and the sprue.
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CHAPTER 4: THERMAL SIMULATIONS

4.1 Introduction

The mathematical model for the present study i®dbas the volume-averaged
conservation equations of Ni and Beckermann [44[hrough a decoupling, these
equations are solved in a sequential process, iohwl) the transient temperature fields
are determined first using MAGMAsoft (explainedthis chapter) and 2) stresses and
deformations are calculated next in ABAQUS (expddinn Chapter 6). Because the
mechanical properties of the constitutive model tamperature-dependent, accurate
calculation of the temperature fields is a critistdp in the determination of properties at

all times and locations throughout the bar.

4.2 Thermophysical Properties and Parameters

To perform thermal simulations, MAGMAsoft requirssveral inputs, including
thermophysical properties (density, thermal congiigt specific heat), volume fraction
of solid, and latent heat of solidification. Usitige experimental casting chemistry, these
temperature-dependent properties for the steel eadosilated using IDS [45] software, a
solidification analysis package for steels. Beeatl® IDS calculations for all casting
chemistries (shown in Table 3.1) produced similaopprties, a single set of
representative properties (from the Strained 6 exy@st) are shown in this section.

Thermophysical properties of the steel are showguréi4.1. Rather than using a
source term in the conservation equations to addourthe liberation of heat during the
solid-state phase transformation, the effects ef tlansformation are included in the
effective specific heat curve and manifested aargel spike at approximately 700°C
(shown in Figure 4.1(b)). This curve was determifrem IDS as the differential change
in enthalpy with respect to temperatu@H(dT ). The volume fraction of solid during
solidification @s), shown in Figure 4.2, contains an inflection pdet gs = 0.6), which

represents the solid-state phase change from f@eftee to austenite. Calculated latent
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heat of solidification values ranged from 244 t@ X3/kg (249 kJ/kg for Strained 6).

The thermal boundary conditions between the molil @asting are specified in
MAGMAsoft with the interfacial heat transfer coefent (HTC), which characterizes
the heat transfer at the mold-metal interface. tiescasting cools, thermal contractions
of the steel create an insulating air gap at thédmetal interface, reducing the heat
transfer from the casting to the mold. The redurctn heat transfer is accomplished by a
decrease of thiHTC as the air gap increases, i.e., HH&C is inversely proportional to
the size of the air gap. For the initial thermahwdation, the temperature-dependent
“Steel-Sand” dataset from the MAGMAsoft databases wsed, shown in Figure 4.3.

Thermophysical properties of the mold, shown inuFég4.4, were defined using
the “Furan” dataset from the MAGMAsoft property aladse. Again, “spikes” are seen
in the (effective) specific heat curve, shown imgue 4.4(c), to account for the

endothermic reactions to vaporize water (100°C)lander (400°C) in the mold.

4.3 Thermal Simulations

Both the mold and casting were included in the #&ns.  Virtual
thermocouples were placed in the MAGMAsoft modeihat experimental thermocouple
locations (shown in Figure 3.3). The simulatiomgluded filling the mold and
solidification and cooling of the casting. In aioh to the properties and parameters
presented in the Section 4.2, a pouring temperatiut600°C was specified for the initial
thermal simulation. The procedure to match theutated and measured temperatures in
this section is described using the experimentainiocouple data from the Strained 6
casting trial.

Comparisons between the measured and simulatecetatages at the Sprue and
Right locations are shown in Figure 4.5 and Figu respectively. While the overall
agreement between measured and simulated Sprueromes (Figure 4.5(a)) appears

to be reasonable, the small time scale (Figurec¥).Shows a large discrepancy between
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the simulated (125 s) and measured (200 s) timesaith the solidus temperature; when
the simulated temperature reacfigg (1360°C), the measured temperature is more than
100°C cooler. Because the turnbuckle forces inctmting trials induced stresses near
the solidus temperature, matching the measurediamdated temperatures in this region
is necessary. Thus, a series of adjustments vesr@en to achieve agreement.

Matching simulated and measured temperatures isla-step iterative process.
In the first step, a reference tinte<0 s) was set when the molten steel first coateut
Sprue thermocouple during pouring of the mold. this time, the simulated
thermocouple immediately increased to the temperatf the liquid steel. The
experimental thermocouple, however, experienceda@ time, especially for high
temperature gradients, and required several secmndsad the actual temperature, at
which time the liquid melt had already cooled byesal degrees. For this reason, the
simulation should always predict a slightly high@aximum temperature than the
experiment.

Next, the temperature curves were matched in thee tinterval from the
maximum temperature until the onset of solidifioatat the liquidus temperatur;q).
To account for convective heat transfer in theitigsteel, the thermal conductivity was
enhanced by a factor of 2.5 abdhg. The effect of this enhancement increased the hea
transfer in the melt and cooled the molten steelremmpidly. However, this
enhancement also decreased the maximum tempenatine simulation to a value lower
than the experiment. Therefore, the pouring teatpee was increased to 1625°C. The
results after these adjustments are shown in Figuie While the slopes still did not
perfectly match at this point, subsequent adjustsném other properties, such as the
thermal conductivity in the mold, would also affébe simulated slope. Therefore, no
further adjustments were made to achieve agreewiette measured and simulated
slopes abov@j at this time.

Once the curves reasonably agreed to the timgfmeasured and simulated
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times were matched frofg to Tse, Which was accomplished through a combination of
adjustments to the latent heat of solidificatiord ahermal conductivity of the mold.
While a reduction in the latent heat results in teneration of less heat during
solidification, an increase the mold thermal conity removes more heat from the
casting. As a result, either adjustment incredéisescooling rate of the casting. Figure
4.8 and Figure 4.9 show the effect of reducingldtent heat from 249 to 180 kJ/kg at the
Sprue and Right locations, respectively. Aftestfeéduction, the small time scale at the
Sprue location (shown in Figure 4.8(c)) showed ifigant improvement, as the
simulated time to solidus had decreased from 21t 470 s. However, further
adjustments were still needed to match the meadumedto solidus (130 s). Through an
adjustment to the thermal conductivity of the sastown in Figure 4.10(d)), the
measured and simulated temperatures were now id ggoeeement (shown in Figure
4.10 and Figure 4.11, respectively) from the refeeetime { = O s)to the solid-state
transformation (1200 s and 800 s at the Sprue dagttRocations, respectively). In
general, the simulated and measured temperatutds ot be perfectly matched at both
thermocouple locations. Initially, the simulateddameasured temperatures were
matched at the Sprue location. However, this etkaignificant disagreement at the
Right location, as the simulated temperatures vggber than the measurement. As a
result, the average temperature throughout thewlaar likely higher in the simulation
than the experiment. Consequently, this would leadn inaccurate prediction of the
thermal strains during the stress analysis. Thesefa compromise was made in which
the simulated Sprue temperature cooled faster, essethe Right temperature cooled
slower than the measured temperatures. Whilepilusedure would result in a better
prediction of thermal strains, it also introducesertainties of the predicted temperature
fields, especially at the highest temperatures.

In order to demonstrate the motivation behind mgladjustments to the mold

thermal conductivity, an in-depth explanation isveyi at this time. The *“after
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adjustment” curve, shown in Figure 4.10(d), deaeasith increasing temperature from
a maximum value of 1.4 W/m-K at room temperatura tainimum value of 1.1 W/m-K
at 500°C, after which it slowly increases to 1.2mMAK at 1600°C. Because thermal
conductivity is generally an increasing functiontemperature, the decrease from room
temperature to 500°C requires additional explanati®\s molten metal increases the
mold temperature, the mold binder evaporates agates gases. The binder gases flow
outward through the porous mold, and the heat feans enhanced by convection. For
this reason, the thermal conductivity of the matahi room temperature to 500°C should
be viewed as an “effective” thermal conductivitye.j the effects of convective heat
transfer are included. Once the binder has evégbrehe thermal conductivity decreases
to a minimum, as subsequent heat transfer is doeaply to conduction. As a result, the
thermal conductivity slowly increases with temparatfrom 500°C to 1600°C.

Although the times to the liquidus and solidus temapures were previously
matched, the temperatures between these timesthes.temperatures throughout the
solidification interval, do not necessarily agre®@/hile the “after adjustment” curve of
the previous simulation shows excellent agreentaoughout the solidification range at
the Sprue location (shown in Figure 4.10(c)), tkigenerally not the case. To match
temperature curves during solidification, the reézhlatent heat must be redistributed
throughout the solidification interval. This iscamplished through an adjustment to the
volume of solid fraction curve. By adjusting thenee as shown in Figure 4.12(d) and
Figure 4.13(d), excellent agreement was now achigweughout the solidification range
of the Right thermocouple location, shown in Figdrg3(c). Although the agreement at
the Sprue location was worse after the adjustngodd agreement in the solidification
range was generally achieved throughout all otkpeements, as will be shown later.

At this point, good agreement was accomplished ftbenreference time to the
solid-state transformation. Final agreement frowa $olid-state transformation to room

temperature was achieved by an adjustment tolHi&C. Recall that heat transfer
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through the mold was enhanced due to the conveftaweof binder gases. Obviously,
this enhancement is appropriate only during the-tpaf the mold, as binder gases are
no longer present during cool-down, i.e., the malohtains a hysteresis effect.
Therefore, while the increased mold thermal condifigtat lower temperatures helped to
achieve agreement from the reference timg&gpit caused the simulated temperatures to
cool too quickly at temperatures less than 500€nce, theHTC is an also an effective
parameter that must be lowered an additional ambaldw 500°C to account for the
hysteresis effects in the mold. By adjusting tH&C as shown in Figure 4.14(c) and
Figure 4.15(c), excellent overall agreement waseaell throughout the casting process.
Using a single set of adjusted properties, gooeegent between measured and
simulated temperature was achieved for all remginbar experiments. However,
because the conditions of each experiment werbthfidifferent (pouring temperatures,
casting chemistry, inhomogeneous molds), adjustnenthe latent heat, mold thermal
conductivity and pouring temperature were requited achieve the best-possible
agreement for each experiment. Because accuratlyeaemperatures was of primary
importance, these changes were deemed necessarnyever, these adjustments were
minor, and the final set of adjusted propertiess@néed in this section should be
considered representative of all experiments. Tdwults for all Unrestrained and
Strained experiments at the Sprue and Right (ifla@va) locations are shown in Figure
4.16 through Figure 4.24. To create a smooth igahdemperature profile at all bar
locations, the temperature fields were printed aotl exported to ABAQUS at a

sufficient number (approximately 125) of time steps
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Figure 4.1. Thermophysical properties of steel. IDS used tkgeemental casting

chemistry to calculate the thermophysical propsriethe steel in IDS. Discontinuities
in the curves at approximately 700°C are due to dbkd-state transformation from
austenite to ferrite and pearlite.
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Figure 4.2. Solid fraction volume as a function of temperaturdDS used the

experimental casting chemistry to calculate thein@ of solid fraction as a function of
temperature. The inflection point@t0.63 is the result of the solid-state transfororati

from delta-ferrite to austenite.
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Figure 4.3. Interfacial heat transfer coefficientHTC). The interfacial heat transfer
coefficient characterizes the heat transfer atntodd-metal interface. As the casting
cools, an air gap forms at the interface and actietreases the heat transfer rate. The
IHTC is taken from the “Steel-Sand” dataset in the MA&Hdft database.
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Figure 4.4. Thermophysical properties of the mold. The therhysgcal properties
are taken from the “Furan” dataset located in tHReGQWIAsoft database. The “spikes” in
the effective specific heat curve at 100°C and @08&count for endothermic reactions
needed to evaporate the water and phenolic uretiiader, respectively.
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Figure 4.5. Initial thermal simulation at the Sprue locationWhile reasonable
agreement between simulated and measured tempeyasuseen on the large scale, the

small-scale comparison reveals a large differendée time to solidus of approximately
100 s.
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Figure 4.6. Initial thermal simulation at the Right location.While reasonable
agreement between simulated and measured tempeyasuseen on the large scale, the
small-scale comparison reveals a large differendée time to solidus of approximately
75 s.

www.manaraa.com



TemperatureTsprue (°C)
H
o
o
o

nt

800
600 |- measured
400
0 400 800 1200 1600
Time,t (s)
(a) Medium time scale
160(

after adjustment

TemperatureTsprue (°C)
= =
SN [(6)]
(0] N
(@) o

measured
1440 | | | | | I

before adjustment

0O 20 40 60 80 100 120

Time,t (S)

(c) Very small time scale

52

160(
after adjustment
o104/ ______lig |
£ 1400
]
% 1300 before adjustme
qé‘ 1200 measured
()
1100
1000
0 50 100 150 200 250
Time, t (s)
(b) Small time scale
< 10C
p i Tliq—'—’: |
80 | Tsol_’:
|
i _ |
60 | after adjustment |

before adjustment,

N
o
T

N
o
T

Thermal Conductivityk (W/m

o

0 400 800 1200 1600
TemperatureT (°C)

(d) Steel thermal conductivity

Figure 4.7. Thermal simulation after enhancing the thermal catigity and adjusting
the pouring temperature. The adjustments haveadl smpact on the simulation below

the liquidus temperature.

www.manaraa.com



53

160( 160(
1 Tig___
06\ 06\ 1400 F NN _ ___________ Tso___
~ 1200 <
g £ 1200 after adjustment
) ) before adjustment
S 800 = 1000
o o
S 8 800
E 400 E measured
- measured 600
0 400
0 3000 6000 9000 1200( 0 400 800 1200 160c
Time,t (S) Time,t (S)
(@) Large time scale (b) Medium time scale
160¢ before adjustment
OG oo o/ ____lia]
S 1400
)
5 1300 |
[ I
® 1200 after adjustment
aE) measured
1100
1000

0 50 100 150 200 25C
Time,t (s)
(c) Small time scale

Figure 4.8. Thermal simulation at the Sprue location after stilig the