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ABSTRACT

The objective of this research was to investigate the
influence of manufacturing processes on the mechanical
and corrosion behavior of high level nuclear waste
overpack containers. Since microstructure determines the
mechanical and corrosive response of the container, the
brunt of this investigation is directed to&ard
microstructural control through processing.

Primary production techniques; wrought processing,
centrifugal casting, énd static casting, were evaluated
through literature with the conclusion that centrifugal
casting was the best available ﬁanufacturing technique to
produce cylindrical, heavy walled, steel overpack
containers. The material chosen for this investigation
fell within the ASTM A216 grade WCA specification, (1)
cast steel suitable for welding. The casting process
variables that affected the steel's microstructure were;
cleanliness of the molten metal, alloy content, tapping
temperature, pouring temperatures, deoxidation practice,
furnace and ladle conditions, and solidification time.
Submerged arc welding of cast steel with alloy and
cleanliness variations within thé above ;pecification
showed significant microstructural differences dependent

iii
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on initial casting variables. Submerged arc weld heat
affected zone simulation studies showed that the Gleeble
1500 thermomechanical testing unit could be used as a
tool to generate specimens that duplicate the
microstructure of specific regions in the heat affected
zone. Through Gleeble simulation and actual weld,
sectioning, it was determined that the casting process
variables only play a significant role in final
microstructure when peak temperatures reach above 1100°C
in the weld heat affected zone. The influence these
variables had in controlling austenite decomposition
products showed that high manganese to oxygen ratios led
to bainite in the heat affected zone where peak
temperatures exceeded 1100°C and that low manganese to
oxygen ratios led to ferrite/pearlite in the same heat
affected zone region. The increase in nucleation sites
was determined to be the reason for these microstructural
differences and the initial melting and casting processes
variables were directly attributed to controlling the
nucleation sites for austenite decomposition.

The final austenite decomposition products control the
mechanical and corrosion performance of the overpack
containers and thus must be controlled and predicted to
insure against premature failure. This thesis is a

iv
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document that demonstrates how initial casting processing
can control final overpack microstructure through alloy
content and cleanliness variations using both analytical

and experimental techniques.
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1. INTRODUCTION

This research was designed to provide the Nuclear
Regulatory Commission (NRC) with data useful for the
purpose of evaluating options available to the Department
of Energy (DOE) for manufacturing high level nuclear
waste containers. The material chosen, through verbal
communication with the NRC was cast steel within the
ASTM-A216 grade WCA specification (l1). This steel can be
expected to show a wide variation in microstructure as a
result of differences in alloy chemistry and cleanliness,
initial solidification processing, welding, and thermal
processing during fabrication. Changes in manufacturing
processes will have a marked effect on the mechanical and
corrosion behavior of the waste containers. Each
manufacturing process will yield a unique microstructure
and this microstructure will be the key to container
performance. This research provides both an analytical
and experimental evaluation of the casting and welding
process variables involved in waste container

fabrication.
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1.1 BACKGROUND ON MANUFACTURING TECHNIQUES

An evaluation of possible manufacturing processes to
produce heavy walled steel overpack containers was
completed prior to any experimental work. The various
overpack container designs are shown in Appendix A.

The cylindrical cask was deemed the most likely
candidate, and as such wrought processing, static casting
and centrifugal casting were chosen as the most likely
fabrication means. The overpack containers must be
remotely sealed by weld closure after placement of the
waste to avoid human radiation exposure. An evaluation
of the possible weld closure techniques: flux cored arc
welding (FCAW); gas metal arc welding (GMAW); submerged
arc welding (SAW); and electroslag welding (ESW) as well
as the aforementioned fabrication techniques were
evaluated to_determine the best manufacturing technique
to produce cylindrical, heavy walled, steel overpack
containers.

Forging, ring rolling, an piercing are viable
wrought processes that are capable of producing heavy
walled cylinders; however, they require a large ingot or

casting for starting material (2). The initial survey of
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possible manufacturing methods concludé&-that wrought
processing would be costly and that there was some
question as to the forging capacity in the continental
United States. For these reasons, wrought processing
was not considered in the present study.

The processes available for cast overpack container
production include static casting in sand or metal molds
and centrifugal casting.

A static casting of the dimensions of the overpack
container must be pit molded. This technique will yield
several significant alterations in microstructure
compared to a wrought product of the same dimensions.
The solidification time is long and may be as much as 30
hours (3). This solidifaction time will yield a
secondary dendrite arm spacing of 1000 microns which will
be detrimental to mechanical performance because of the
large amounts of microsegregation and macrosegregation
associated with coarse, slowly solidified structures.

The process variables for the static casting of
large heavy walled cylinders include: feeding, risering,
core bouyancy, shake-out time, molding time and clean-up
procedure. For large chunky steel castings it can be

expected that 40 to 50 percent of the total tonnage cast
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will be gates, runners and risers (4).‘.This low yield is
a tremendous expense. The casting must be bottom poured
to prevent oxidation, splashing and cold shuts (5) and
the feeding systems must be pressurized to insure uniform
feeding and short pouring times. A riser calculation for
a cylinder of the design specifications taken from
Woldauer (3) is shown in Appendix B. Figure 1 shows the
casting as it should look in the as-cast condition.
Corebouyancy will be a major factor in determining
the reinforcement of the central core and the t&pe of
sand binder used to achieve the required core strengths.
The force on the core is 16000 pounds (6) and requires
the use of reinforcing bars to prevent core distortion,
and the welding of the reinforcing bars to an external
structure to prevent core shift. These procedures-are
time consuming with the result that pit molding is labor
intensive. 1In addition to long molding times, the shake
out times can be as long as several weeks. The cleaning
procedures after shake-out become costly as the risers
shown in Figure 1 must be removed, and the surface must
be cleaned by shot blasting or grinding. Weld repair to

take care of blow hole porosity or shrinkage porosity and
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non-destructive testing to provide radiographic quality
is expected to be costly as well.

Centrifugal casting offers significant benefits for
the production of cast overpack containers. The metal is
poured into a cylindrical metal mold which is rotating at
speeds of up to 2,000 rpm. The centrifugal force holds
the metal against the wall while solidification proceeds.
This enhances thermal contact between the surface of the
casting and the mold wall, and provides a significant
feeding force to pfevent the development of pordsity (7).
Short castings are poured with the axis of the mold
vertical. 1In this case the centrifugal force causes the
moltep metal to flow up along the mold wall. Long
¢astings are poured with the mold axis horizontal, with
one of the following techniques: the Watertown method,
the Delavaud method, or the German process (8).

The Watertown method uses a heavy cast iron chill
mold which is coated with a refractory mold wash and spun
at 1300 to 2000 rpm. When the mold is at speed, a
weighed amount of metal is poured into a pouring basin
"equipped with a short spout at the near end of the mold.
The rate of entry into the mold is synchronized with

spinning speed by regulating the spout diameter so that
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molten metal will be distributed evenly and without
tearing the solidified, but hot, shell. Pressure is
applied to the far end shortly after solidification to
prevent mold restraint, and consequently tearing as the
tube contracts lengthwise in the mold (8). See Figure 2
for diagram.

The Delavaud method uses a thin walled, water cooled
metal mold which is mounted on tracks and inclined at a
slight angle to the horizontal. A pouring trough is
extended into the spinning mold and metal is deposited in
a helix from the farthest end of the trougq as the
spinning mold is retracted (8). .

The German process, instead of using a mold wash,
uses a fine sand deposited from a long trough over the
mold surface. The mold is cast iron and spray cooled.

The thermal barrier provided by the sand reduces heat

shock, lessens checking of the mold surface, and prevents
surface laps on castings caused by premature freezing (8).
The advantages of centrifugal casting for the
production of ferrous tubular products include: a large
increase in yield as compared with static casting

techniques which require a riser, the elimination of
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horizontal position (8).
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cores and the requirement of costly and time consuming
pit molding techniques, the segregation of nonmetallic
inclusions and slag to the inside surface of the casting,
the development of a hollow cavity along the axis of the
casting, and refinement of the solidifacation structure.
The metal is forced out against the mold with a force of
up to 200 g's (7). This provides-an increase in the
feeding force of two orders of magnitude over static
castings; slag and non-metallic inclusions are forced to
the center by the centrifuging action; the nucleation of
gas bubbles and blow holes is suppressed by the high
pressures; and a hole is left down the center of the
casting. .
The solidification structure in centrifugally cast
steels is siénificantly more refined than a steel of the
same section thickness which is statically cast. B2ll of
the commercially available centrifugal casting techniques
involve a metal (grey iron, steel or copper) mold which
may be water cooled. This significantly decreases the
solidification time over statically cast cylinders. With
the highly conductive mold metal interface more nuclei
become active as sites for primary solidification. Since

the number of grains depends on a competition between the
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rate of nucleation and the rate of growth a centrifugally
cast vessel will have a smaller grain size than the
statically cast vessel (9).

After analysis of the various casting and forging
processes, it is concluded that centrifugal casting is
the technique best suited for the production of

cylindrical high level nuclear waste overpack containers.
1.2 MELTING CONSIDERATIONS

In any manufacturing process which regquires molten

“metal as an initial material, melting procedures are

critical to the reproducibility of the steel. Melt logs
and charge calculations must be detailed enough to
trouble shoot any problems, or to duplicate successful
heats. The critical documentation includes: the type
and composition of scrap, melting stock and alloy
additions; a melt log which includes the times and
temperatures at which alloys were added and melting
operations carried out; furnace and ladle conditions; the
tapping time and temperature; and any irregular

conditions that exist during the progress of the heat.
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Appendix C provides the standard practicé for the melting
of carbon and low alloy steels by air induction melting.
In order to be able to reproduce a successful heat
the charge calculation must have the expected losses
incorporated into it. To keep those losses consistent,
all additions must be made at the same temperature, and
tapging intervals and pouring times must be documented.
The cleanliness of a steel can be controlled by
knowing the scrap and bar analysis, and by using an
appropriate slag or ladle refining technique (e.g. AOD).
Tramp elements that are rarely analyzed for are cobalt,
tin, artimony, lead, and arsenic. These elements are
detrimental to mechanical and corrosive performance of
steel and can be avoided by monitoring scrap and bar.
The influence of alloy composition and cleanliness
was studied using three alloy compositions within the
ASTM A-216 grade WCA specification for carbon steel
castings which are suitable for welding. The target
alloys, A, B and C are shown in Table I. The manganese,
silicon and oxygen contents were varied to change the
hardenability, cleanliness, and nature of the deoxidation

product.
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Table I. Target chemical compositions (weight percent) of alloys
used to study the effects of alloy content and cleanliness.

Alloy 3C 8Si $Mn 20 1S 8P 8Al Mn/O
A 0.18 0.10 0.50 0.020 0.01 0.02 0.05 25
B 0.18 0.25 1.00 0.007 0.01 0.02 0.05 145
¢ 0.18 0.25 1.00 0.007 0.045 0.02 0.05 145

cT
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The silicon and manganese levels influence the state
of deoxidation, and the ratio of silicon to manganese
determines the nature of the deoxidation product. The
ratio of the manganese to oxygen content influences
hardenability through alloy content and cleanliness (2).
Figure 3 shows the influence of silicon and manganese
additions on the dissolved oxygen content for a steel
with an initial oxygen content of 0.1 weight percent
(1000 ppm). Additions of O.l weight percent silicon and
0.50 weight percent manganese reduce the oxygen level to
0.02 weight percent (200 ppm), and leave 0.05 weight
percent silicon and 0.4 weight percent manganese in
solution after deoxidation. The additions of 0.25 weight
percent silicon and 1.00 weight percent manganese reduce
the dissolved oxygen content to about 0.008 weight
percent (80 ppm) and leave 0.2 weight percent silicon and
0.9 weight percent manganese in solution after
deoxidation. Figure 4 shows the influence of the silicon
to manganese ratio on the nature of the deoxidation
product (2). For the silicon and manganese charges given
in Table I the deoxidation product is molten manganese

silicate at steel making temperatures of 1600°C.
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Figure 3. Residual oxygen in iron at 1600°C related to the
percent silicon and percent manganese added to
deoxidize steel containing initially 0.10 weight
percent oxygen (2).
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silicate melts (2).
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Alloy A of Table I has a low manganése to oxygen
ratio to reduce hardenability and increase the oxide
inclusion content. Alloy B has a high manganese to
oxygen ratio to provide high hardenability and limit the
oxide inclusion content. BAlloy C has the same high
manganese to oxygen ratio as Alloy B plus the addition of
0.045 weight percent sulfur to investigate the influence
of sulfide inclusions on alloy microstructure. The ASTM
A-216 grade WCA specification for carbon steel castings
allows for some residual elements, but these were kept to
trace amounts to eliminate any secondary effects that may

be caused by residual impurities.
1.3 WELDING BACKGROUND

The overpack containers, by design, will have a top
and bottom welded on, to seal them for transportation and
burial. The bottom of the overpack can be welded on by
any of the following techniques: submerged arc welding,
gas metal arc welding, electroslag welding, or flux
cored arc welding. Nuclear waste will be placed into the

container after the bottom is welded on. At that point,
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handling must be remote, and an automatic welding
apparatus must be employed to seal the top.

Each of the aforementioned welding processes has a
different energy input and, as such, they generate a
different heat affected zone (HAZ) thermal experience,
resulting in a unique microstructure.

Several options are available for the joint design
of the top and bottom closure. The AWS structural
welding code designates these possibilities (l1l). Edge
preparation should also be considered when choosiné a
joint design and a welding process.

Submerged arc welding is a process noted for use of
high welding currents and high deposition rates. The
process uses a bare metal electrode covered by a blanket
of granular, fuseable flux. Filler metal is obtained
from the electrode and/or supplementary welding rod. The
electrode is advanced in the direction of welding and
mechanically fed into the arc while flux is steadily
added. Steady state welding requires that the electrode
is melted at the same rate it is being fed into the arc.
Electrode melting is current related and arc length is

voltage related. Therefore the welding system is capable
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of continuously correcting a voltage chaﬁge with either a
current or a feed rate change (12).

The welding current is between 400 and 1500 amperes
for submerged arc processes, and optimum deposition rates
have a current density greater than 40,000 &/in2 (620
A/mm2). The deposition rates for submerged arc welding
range between 27 and 45 kg/hr. The welding variables are
1) welding amperage, 2) type of flux and particle
distribution, 3) voltage, 4) travel speed, 5) electrode
size, 6) electrode stick out, 7) type of electrode, 8)
width and depth of flux layer (12). The process can be
highly automated and easily adapted to a robotic remote
welding .situation. Its drawbacks are flux must be
removed between weld passes, and it éannot be used out of
position. Flux removal can be overcome by pneumatic
chiseling or brushing between passes. The fact that out
of position welding is not possible dictates that the
welding head must be stationary and the cylinder rotated
to keep the weld pool in the horizontal position at all
times.'

Gas metal arc welding (GMAW) is a high current
density, bare wire, gas shielded welding process where an

arc is established between the bare wire and the
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workpiece, and the molten pool that forms is protected by
an inert, reactive, or combination inert-reactive gas.
This gas also provides a highly ionized electrical path
for the deposition of electrode to the plate by either:
‘short circuiting transfer, globular transfer or spray
transfer (13). |
GMAW is considered a lower heat input welding
process when compared with submerged arc welding, with
deposition rates between 0.5 and 13 kg/hr. The short
circuiting transfer mechanism has the lowest welding
currents and smallest electrode diameter and 1s used for
thin sheet or out-of-position welding. This modé of
transfer is characterized in the following way: At the
end of the electrode, wire melts into a small golbule of
liquid metal, the molten metal moves toward the
workpiece, taking an "hour glass" form. Where, upon
contact, it creats a short circuit. Metal transfer is by
gravity and surface tension. The molten metal is broken
by a pinch force common to current carrying media. The
amount of suddenness of pinch is controlled by the power
supply (13). This phenomena occurs between 20 and 200

times per second according to welding variables.
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Globular transfer has a higher curfént density than
short circuiting. It is characterized by a large drop
forming at the end of the electrode. The drop forms at
the end of the electrode until the force of gravity
overcomes the surface tension of the molten metal, at
which time the drop falls into the molten weld pool. The
drop transfer rate is between 100 and 500 drops/sec (12),
and gives a higher deposition rate and allows for a
higher wire speed than short circuiting modes.

Spray transfer occurs at high current density and
results in a high heat input and high deposition rate.
This type of transfer is characterized by small droplets
emanating from the tip of the electrode (13). This mode
is generally limited to the horizontal position and
produces very little spatter.

The shielding gas changes the transfer mechanism and
can be adjusted depending on application. The common
shielding gases are helium, argon, carbon dioxide, and
assorted mixtures of them (12).

This process is highly automatic and easily adapted
to robotic remote operation. There is no need for
interpass flux removal and multiple pass welding is easy.

Out of position welding is not a problem which allows the
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welding head to travel circumferentialiy‘around the
cylinder to seal the top. This is a desirable feature as
heavy machinery is not needed to rotate the cylinder.

The only drawback is the deposition rate is lower than
SAW so more time is needed for welding.

Electroslag welding (ESW) is the highest heat input
welding process, and has a depositioh rate of 7 to 60.
kg/hr. Typical power supplies are 600 to 2000 amperes
direct current and are fairly expensive (12).

In ESW, an arc is usgd to initiate welding by
melting a granular slag. This slag is conductive in the
molten state and acts as a weld metal atmospheric shield.
After the slag is molten the arc is extinguished and .
welding proceeds by the heat produced by the resistance
of tﬁis slag tJ current flow. The heat keeps the slag
molten and above the liquidus temperature of the base
plate and electrode. ESW is most commonly done in the
vertical position and therefore must utilize water cooled
copper shoes to keep molten metal from leaking out of the
joint.

There are two common technigues in ESW, the
conventional method and the consumable guide method. The

conventional method uses a beryllium copper alloy guide
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tube which moves upward with the welding'head as the weld
is filled, remaining at 50 to 75 mm above the molten bath.
The consumable guide method uses a stationary guide which
becomes part of the filler metal as welding proceeds.

The welding head stays-stationary and the guide tube
melts and adds five to ten percent of the filler material
(12). ESW has a bath temperature of 1925°C and a surface
temperature of 1650°C, compared to conventional arc welds
this is very low (12).

Electroslag welding is not a feasible process for
welding overpack containers. To remotely weld by ESW the
copper shoes would have to be manipulated into place and
inspected for leaks. Flux additions would have to be
made at intervals predetermined, as visual inspection
would be impractical during remote welding. The process
is designed to weld in the vertical position, and a
modification would have to be made if a circumferential
weld was to be produced.

Flux cored arc welding (FCAW) is merely a slight
modification of GMAW. A tubular electrode filled with
atmospheric protecting flux and/or alloying elements is
used either with a protective cover gas or without. The

material transfer and equipment are the same as in GMAW.
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The advantage of FCAW is that alloy additions can be made
through the powder additions inside the tubular
electrode, however flux must be removed between passes
which may cause difficulty in a remote welding situation.
Each one of the aforementioned welding processes
will have different energy input with GMAW being the
lowest€0.5-3 MJ/m) followed by SAW (1.0-10 MJ/m). ESW
has the highest energy input (50.5~MJ/m) and as such will
have the widest heat affected zone. Figure 5
schematically represents the grain size as a function of
distance from the fusion line (14). As expected, this
grain groyth region becomes wider with higher energy
input. More base metal is heated to critical
temperatures, and cooling is slower as energy input increases.
The large grains next to the fusion line are
detrimental to impact toughness and tensile properties.
These grains also have increased hardenability due to
their size and will transform on cooling to lower
austenite decomposition products (bainite and
martensite), which again is detrimentél to impact
properties (15). The steels used in this investigation

are low carbon, low alloy, and martensite will not occur
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TEMPERATURE

DISTANCE FROM FUSION LINE

Figure S. Grain size in the heat affécted zone as a
function of peak temperature and distance
from the fusion line (14).
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as cooling rates necessary to get martensite are higher
than the cooling rates of the welding process. An
in-depth discussion of the factors involved in
determining heat affected zone microstructure is
discussed later in this thesis.

After evaluating the manufacturing processes it was
found that centrifugal casting and closing the ends by
SAW or GMAW would be the best commercially available
manufacturing technique for the overpack containers. For
this investigation submerged arc welding was the
preferred technique and gas metal arc welding will be the

subject of a future investigation.

1.4 HEAT TRANSPORT

A modification of the Rosenthal equation (16) can be
used to model three dimensional heat transport in the
welds in order to predict time-temperature profiles in
the heat affected zone. Figure 6 illustrates the
difference between one, two, and three dimensional forms
of the equation.

The Rosenthal equation for three dimensional heat

transport in a thick section weld is:
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T-To = $5 exp (i{—:) (EQ 1) (14)

where:

To = initial temperature prior to welding (200°C)

qQ = nvi

n = arc efficiency (0.90 to 0.99 for SAW)(17)

\'f = weld voltage

I =  weld amperage

v = weld travel speed in m/s (5.08 x 10'3m/s)

A = thermal conductivity in Jon~1s71k"1

o= (52 4yt e 2yt

§ = x-vt

x = x-coordinate at the point of interest (m).

t = time (sec.)

b 4 e y-coordinate at the point of interest (m).

Z = Z-coordinate at the point of interest (m).

a e A/pC
o e density of material (kg/ms)
c = specific heat (m? sec? x°-1)

pC = has units of Jm k-1
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This equation describes a moving point heat-source
which moves at a constant velocity as shown in Figure 7
(14). The important assumptions made in developing
equation 1 are significant when using it as a theoretical
model, and they are: constant physical properties such
as thermal conductivity, a point source of heat, and
neglect of surface heat losses and joule heating (16).

Each casting and welding process described will
yield a unique final overpack microstructure.
Controlling and predicting this microstructure through
an understanding of the manufacturing process variables
will assist the Nuclear Regulatory Commission in
evaluating ASTM A-216 grade WCA steel as a viablé option
for containing high level nuclear waste. The
experimental program undertaken to accomplish the

aforementioned task follows.
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2.0 EXPERIMENTAL PROCEDURE

The experimental objective was to investigate the
influence of melting, casting, and welding process
variables on the microstructure of ASTM A-216 gradé WCaA
carbon steel castings. Three compositions within the
specification were selected to provide high and low
manganese/oxygen ratios, and the addition of sulfur, to
investigate the influence of sulfide inclusions. The

three design compositions are shown in Table I.

30

Steel making was carried out in a coreless induction

furnace using the melting and quality assurance

procedures specified in Appendix C. Static castings and

chill castings were poured and heat treated by
normalizing. Submérged afc welding was carried out on
all three alloys using a semi-automatic welding unit.
Finally, thermo-mechanical simulation (Gleeble) of the
heat affected zone as a result of this welding process
was completed in order.to generate samples suitable for

mechanical testing.
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2.1 STATIC CASTING

The furnace crucible used to model static casting is
shown in Figure 8. A number 4 graphite susceptor was
placed on top of refractory brick, inside an Inductotherm
30, 50 pound (23 kg) coreless induction furnace. The
susceptor was lined with asbestos paper and rammed with
Al203 castable refractory. One inch (25.4 mm) AlSl 1018
steel bar stock was placed in the Al;03 crucible and the
susceptor and crucible were covered with a two hole
graphite 1lid. An Alj03 protected type R thermocpuple was
placed in one hole and a hollow Al203 tube connected to
argon shielding gas was in the other. A numatron digital
thermocouple monitor was connected to the type R
thermocouple, and 30 cfh (850 1l/hr) argon was used to
shield the melt.

The power on the induction furnace was turned on and
the Al1Sl 1018 steel bar was brought up to 1550°C. The
.molten charge was slowly cooled by tu;ning the reostat
down on the power supply. The thermocouple monitored the
cooling rate resulting in the time-temperature data shown

in Figure 9. After cooling to room temperature the Al203

crucible was removed with the now solidified nugget of
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Figure 8. A schematic diagram of the furnace solidifying
equipment used to model static casting.
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steel, and shot blasted away. Two heats were produced by
the above technique and were sectioned for metallographic
analysis. The chemical control was unimportant as this
procedure was designed to show secondary dendrite arm
spacing versus solidification time, which is independent
of alloy content (10). Figure 10 shows a plot of
secondary dendrite arm spacing as a function of
solidification time for a wide variety of conventional
steels. The importance of secondary dendrite arm spacing
on mechanical and corrosive container performance will be
addressed in the results and discussion. It is only
important here to describe the technique used to achieve

long solidification times.

2.2 1INGOT MOLD FABRICATION

Ingot molds were manufactured to act as chill molds
which would simulate the centrifugal casting process.
Two wooden patterns were constructed from pine, rammed in
olivine molding sand, and cast with class 30 grey iron.
The grey iron mold halves were matched together according
to the configuration of Figure 1lla and 1lb. Each mold

and a 1" x 6" x 18" (25.4 mm x 152.4 mm x 457.2 mm) strip
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of ductile iron plate was painted with a‘water base Alj03
mold wash, and dried. The molds were arranged on the
ductile iron chill plate and olivine molding sand was
rammed between them as shown in Figure 12. This
configura;ioﬂ was used to cast all the experimental plate

for this investigation.

2.3 PIG IRON PRODUCTION

Before any steel could be made, pig iron was
produced in the Inductotherm 30, 50 pound (23 kg)
induction furnace. Bar stock (SCM Metal Products ENL10l)
of chemical composition (weight percent): %C-0.0026,
¥Mn-0.006, $Si-0.0017, %P-0.0012, %S-0.0024 was added
cold along with powdered graphite, brought up to 1430°C

and poured into olivine sand molds. Ferrosilicon was

added when needed to control a carbon monoxide boil but
it was kept to a minimum to insure the pig iron would be
white. Pig iron was also made with ARMCO Al0l steel bar
stock of chemical composition: &C-0.034, ¥Mn-0.053,
£Si-0.003 and $S-0.007, using the above procedure. Table
II shows the chemical analysis of the pig irons used for

the steel making process.
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Table 1I. Chemical analysis (weight percent) of pig iron
used to produce experimental steel.

Identity
NRC-P1

NRC-P2
NRC-P3
NRC-P5

1C
4.05
4.08
3.30
3.74

‘881
0.50
0.30
0.10
0.13

$S
0.006
0.007
0.01
0.01
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Figure 1lb. The ingot mold design used for casting 1.5 inch
(38.
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of ductile iron plate was painted with A water base Alj03
mold wash, and dried. The molds were arranged on the
ductile iron chill plate and olivine molding sand was
rammed between them as shown in Figure 12. This
configuration was used to cast all the experimental plate

for this investigation.

2.3 PIG IRON PRODUCTION

Before any steel could be made, pig iron was
produced in the Inductotherm 30, 50 pound (23 kg)
induction furnace. Bar stock (SCM Metal Products ENL10l)
of chemical composition (weight percent): %C-0.0026,
tMn-0.006, %Si-0.0017, %P-0.0012, %£5-0.0024 was added
cold along with powdered graphite, brought up to 1430°C
and poured into olivine sand molds. Ferrosilicon was
added when needed to control a carbon monoxide boil but
it was kept to a2 minimum to insure the pig iron would be
white. Pig iron was also made with ARMCO Al0l steel bar
stock of chemical composition: %C-0.034, $Mn-0.053,
£Si-0.003 and £S-0.007, using the above procedure. Table
II shows the chemical analysis of the pig irons used for

the steel making process.
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Table 1I. Chemical analysis (weight percent) of pig iron
used to produce experimental steel.

Identity
NRC-P1
NRC-P2
NRC-P3
NRC-P5

iC
4.05
4.08
3.30
3.74

0.14
0.10
0.64

‘851
0.50
0.30
0.10
0.13

(Y
0.006
0.007
0.01
0.01
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2.4 STEEL PRODUCTION

Nineteen heats of steel were produced in the 50
pound (23 kg) Inductotherm 30 furnace. The charge
calculations and melt logs used in this phase of the
investigation were essential to predicting the final
chemical analysis of the steel. It was found that the
reactions that took place during steelmaking should be
monitored and documented during the duration of the
steelmaking process in order to duplicate successful
heats and avoid poor quality castings. The critical
documentation was: type of scrap, temperature of alloy
additions, type of bar, furnace and ladle conditions,
time épent in the furnace after alloy additions, pouring
temperature, tapping temperature, ladle time, and
deoxidation additions. Keeping procedure consistent was
essential to quality control.

An iterative charge calculation technique was used
for heats NRC-1 through NRC-16. An example of this and
instructions for its use are in Appendix C. Charge
calculations for heats NRC-17 through NRC-19 were done on

an HP15C hand calculator using matrix algebra.
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Melt logs for every heat were kept,.noting times and
temperatures at which additions were made. The
steelmaking procedure follows.

Scrap and bar stock were added cold. The power was
turned on and the heat was brought to the molten state.
At meltdown 30 grams of standard ferrosilicon was added
to control any premature boil. At 1600°C pig iron was
added which induced a carbon monoxide boil, and
simultaneously increased the carbon level of the melt.
The carbon monoxide boil was allowed to go on foi exactly
five minutes at which time 50 grams of ferrosilicon was
added to block the boil. The temperature of the melt was
brought up to.1675°c in ten minutes. _[(The t}me between
the end of the carbon_monoxide boil and 1675°C was
critical. If it was longer than ten minutes, plus or
minus three minutes, then the carbon losses were
inconsistent.) At 1675°C the balance of the ferrosilicon
was added and the heat was tapped to the ladle, which
contained the ferromanganese and one half of the aluminum
charge., The balance of the aluminum was added to the
molten stream during tapping to the ladle. The slag was
removed and the ladle was tapped to the molds. The time

between tapping from the furnace and pouring the molds
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varied from 30 seconds to two minutes dépending on the
desired oxygen content. The high sulfur heats needed an
addition of pyrite (FeSy) and that was added cold with
the bar stock at the beginning of the heat. The bar
stock used was the same as the bar used to make pig iron
and is shown in Table II. The scrap used which was 3218l
1008 and AISI 1018 steel, and the ferromanganese,
ferrosilicon and pyrite compositions are shown in Table

III.

2.5 CHEMICAL ANALYSIS

After each heat a chemical analysis was determined
using a vacuum emission spectrometer. The carbon, sulfur
and oxygen contents were determined using a Leco
carbon/sulfur determinator and a Leco oxygen/nitrogen
determinator. The results of the chemical analysis are
shown in Table IV. The melt losses were computed and the
next charge calculation was made. A summary of losses
for each heat is shown in Table V. The losses shown are
unigque to the furnace used, the melting procedure, and

the alloy cast.
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Table III.

Addition
Bar Stock
Bar Stock
Scrap
Scrap
FeMn

FeSi

FeS
al

2

44

Chemical analysis (weight percent) of ferro-

alloys and scrap used to make experimental

steel.

Identity
Al01

ENL101
AISI 1008
AISI 1018
Med. Carb
Stndrd.
Pyrite
Shot

£C

0.087
0.21
1.46

$Si
0.0026 0.0017
0.0340 0.003

0.50
"0.25

1.46
50.0

£Mn
0.0006
0.053
0.41
0.86

80.10

s

0.0024

0.007
0.021
0.02

tAl



Table IV,

Heat No.
Alloy A
Alloy B
Alloy C
NRC-1
NRC-2
NRC-3
NRC-4
NRC-5
NRC-8
NRC-9
NRC-10
NRC-11
NRC=-12
NRC-13
NRC-14
NRC-15
NRC-16
NRC-17
NRC-18
NRC-19

Chemical analysis (weight percent) of cast experimental

steels.
1c Mn
0.18 0.50
0.18 1.00
0.18 1.00
0.13 0.60
0.17 0.44
0.14 0.45
0.17 0.63
0.17 0.51
0.21 1.12
0.20 0.50
0.09 0.81
0.15 0.97
0.17 1.06
0.09 0.01
0.15 1.07
0.21 1.13
0.24 0.38
0.21 0.41
0.16 1.01
0.18 0.90

3Si

0.10
0.25
0.25
0.04
0.02
0.19
0.09
0.10
0.41
0.33
0.06
0.19
0.32
0.23
0.21
0.20
0.24
0.23
0.28
0.30

2s
0.01
0.01
0.045
0.009
0.01
0.01
0.01
0.01
0.01
0.01
0.01 -
0.01
0.01
0.035
0.045
0.01
0.01
0.007
0.008
0.045

£y
0.02
0.02
0.02
0.016
0.02
0.01
0.01
0.008

0.02

0.008
0.013
0.014

0.013
0.013

0.012
0.014
0.009
0.007
0.01

0.002

2A1
0.05

0.05

0.05

0.015

NA

0.047
0.044
0.043
0.030
0.054
0.025
0.034
0.050
0.061
0.054
0.030
0.040
0.038
0.023
0.045

#n/o
25
145
145
38.5
NA
30.4
42.9
44.7
106.7
34.2
31.4
87.4
64,2
0.57
419.1
188.3
NA
NA
NA
NA

20
0.0200
0.0070
0.0070
0.0156
NA
0.0148
0.0147
0.0114
0.0105
0.0146
0.0258
0.0111
0.0165
0.0176
0.0218
0.0060
NA
NA
NA
NA
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Table V. Alloy losses (weight percent) that occurred
during steelmaking.

Heat Wt.% C Wt.% Si Wt.% Mn Wt.t S Wt.§ Al
NRC-1 . 44.1 72.0 3.5 0 77.5
NRC=-2 33.9 88.0 15.4 0 NA
NRC-3 47.5 69.5 17.5 0 29.6
NRC-4 48.1 72.4 NA 0 34.1
NRC-5 49.9 71.5 14.5 0 35.6
NRC-8 40.3 53.0 15.7 0 55.1
NRC-9 40.0 38.7 57.9 0 19.2
NRC-10 - 74.25 80.0 T 27.1 0 62.6
NRC-11 - 51.0 53.4 12.7 0 49.0
NRC-12  50.7 40.1 10.0 0 25.1
NRC-13 74.7 50.6 13.1 10 8.7
NRC-14 56.8 55.6 8.0 10 19.2
NRC-15 39.19 62.2 3.9 0 55.1
NRC-16 37.17 31.6 32.4 0 43.0
NRC-17 44.1 34.5 30.0 0 43.0
NRC-18 50.3 44.0 30.6 0 65.6

NRC-19 50.3 34.0 37.5 10 33.0
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A sample from each heat of the one ihch (25.4 mm)
thick cast plate designed for the machining of Gleeble
specimens was sectioned for metallographic examination.
Each sample was polished to & 0.05 micron Al1703 finish,
etched with two percent nital, examined under a
microscope, and photographed.

2.6 HEAT TREATMENT

The specifications for ASTM 2-216 grade WCA steel
call for the material to be delivered in the normalized,
normalized andlﬁempered + Oor annealed condition.
Normalizing was the chosen condition for this
investigation. Volume 7 of the 8th edition of the ASM
Metals Handbook (17) revealed micrographs of normalized
ASTM A-216 grade WCA steel, reproductions of which are
shown in Figure 13.

The standard normalizing treatment for these steels
is: BAustenitize at 900°C for one hour .per inch (25.4 mm)
of thickness and air cool (18). A one inch (25.4 mm)
thick cast plate of heat NRC-5 was treated by the above
technique and sectioned for metallographic analysis._ The

grain size of 18 microns was calculated using the ASTM
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Figure 13. Reproductions of micrographs from the ASM Volume 7, eight
edition of Metal Handbook, depicting grain size
differences with varying section thickness. All steels

shown have been normalized using standard normalizing
treatments.
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mean linear intercept technigque and multiélied by 1.776
for three dimensions (19). The ferrite grain size varies
with increased section thickness as shown in Table VI,
Tﬁe design for the overpack containers require wall
thicknesses between three and fourteen inches (76.2 mm
and 356 mm). This increase in section thickness yields a
larger room temperature ferrite grain size than the one
inch (25.4 mm) and 1.5 inch (38.1 mm) experimental steel,
due to longer austenitizing times and slower cooler rates.
The cooling rate of a six inch (152.4 mm) diameter
casting cooled from a normalizing temperature of 900°C is
approximately 10°C per minute as shown in Figure 14 (20).
A controlled cooling device was designed to allow the one
inch (25.4 mm) thick plates of this investigation to cool
at 10°C per minute, and is shown in Figure 15. The
calibration curves for this unit are shown in Figure 16.
A type K thermocouple was mounted in predrilled holes to
monitor the cooling rates shown in Figure 16. Curve one
does meet the 10°C per minute criteria,. however, due to
the shorﬁer austenitizing time (one houf as opposed to
three hours), the room temperature ferrite grain size
remained small. A modified heat treatment: austenitize

at 1050°C for two hours, and cool in the cooling unit,
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Table VI. Crain sizes of normalized ASTM-A216 grade WCA
steels with varying section thicknesses.

. Section Thickness Grain Size (microns)
Experimental (1 in.) 18
Volume 7 (1 in.) 22
Volume 7 (3 in.) 36

Volume 7 (6 in.) 41
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Figure 14. Cooling curve for a six inch diameter steel

casting from & normalizing temperature of 900°C,
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- Type K
/ Thermocouple

Figure 15.

-

GAIR TP o wn o» up w

Al
Lining

A schematic of the slow cooling device used to
slow the cooling rate of a one inch (25.4 mm)
thick plate to that of a €6 inch (152.4 mm) thick
plate.
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yYielded the desired room temperature ferrite grain size.
2.7 THERMOCOUPLE INSTALLATION AND CONSIDERATIONS

After the 1.5 inch (38.1 mm) weld plates were
specially normalized, they were machined to the
configuration of Figure 17. The plates were then
instrumented with thermocouples to monitor the heat
affected zone thermal cycle during the welding process.
Two 5/64 inch (2 mm) diameter holes were drilled in each
weld plate approximately six inches (152.4 mm) apart as
depicted in the fiéure. The hole depth varied depending
on what region of the heat affected zone was monitored.

A 0.005 inch (.127 mm) diameter bare platinum wire was
welded to a 0.005 inqh (.127 mm) diameter bare platinum
13 weight percent rhodium wire using a capacitive
discharge 150 volt welder, and a graphite block. The
bare thermocouple was welded to the bottom of the
predrilled holes using the same capacitor discharge
welder. A schematic of the down hole welding process for
thermocouples (21) is shown in Figure 18. The bare wires

were protected by an Al203 two hole protector tube which

slid over the two wires to prevent short circuiting. The
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Figure 17. Weld joint configuration for the submerged arc welding
process.
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Figure 18, The down hole welding process for welding
thermocouples in the bottom of a hole (21).
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protector tube was cemented in place using an Mg0
refactory mix and the wires were connected to a type R
junction box.

A type R numatron digital thermocouple monitor was
calibrated using a constant voltage generator and
readings were adjusted to correspond with tabulated
standards (22). The numatron was then connected to the
type R junctions of the weld-plate and used to insure
proper wire polarity.

Before any thermocouple measurements were made, an
evaluation of the parameters which affect the

measurements of the température device used for this
study was carried out. ) |

The following considerations were assessed: thermal
gradient across the hot junction; response time of the
wires and hot junction; calibration and precision of the
equipment used; and conversion from voltage-time to
temperature-time.

Since the heat affected zone in this investigation
is 3 mm in width the hot junction must be as small as
possible to avoid any thermal gradient across it. &

thermal gradient of 150°C is not uncommon in weld thermal

cycle measurements (23). The hot junction was kept to
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0.25 mm to eliminate any error caused by ﬁhe dimensions
of the hot junction. The response times of the 0.005
inch (0.127 mm) diameter thermocouple wires were
calculated using guidelines set forth in literature (24).
The theoretical response time for the thermocouples used
was 0.0012 seconds for 0.005 inch (0.127 mm) wire,

- however the hot junction was o.dio inches (0.254 mm) in
diameter making the response time 0.0035 seconds.

At a 500°C/sec. heat up rate, typical for submerged
arc welds an error of 1.75°C was possible in the peak
temperature. The thermocouple reliability as determined
from the ASTM manual (25) on thé'use of thermocouples was
+/- 3.75°C between 538°C and 1482°C making a total
cummulative error of +/- 5.50°C with just the system
configuration. Due to the fine diameter of the
thermocouple wire care was taken not to strain or damage
it during installation making the quoted calibration
invalid.

2 Nicolet 4094 digital recording oscilloscope, which
is a high response time instrument, was used to gather
the voltage-time data from the thermocouples. 1In
instruménts designed for faster response, other desirable

features have been sacrificed. The Nicolet 4094 is no
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exception. The sensitivities are lower, and thus an
amplified signal is better suited for measurements of
this kind (23).

An isolation amplifier was placed in the circuitry
to amplify the thermocouple signal. The amplifier is
groundless, and as such, it filters any induced eddy
currents or stray voltages caused by the welding process
(26). Also in the thermometry circuit was a cold
junction compensator necessary in all temperature
measurements of this kind.

In combination with the errors previously described,
and the amplification circuitry it was'possible to have a
5.50°C error. This error, however, is constant, and as a
result it only leads to an inaccurate position
calculation in the placement of the thermocouple.

The Nicolet 4094 digital recording oscilloscope was
used in combination with an integrated circuit isolation
amplifier, and cold junction compensator to monitor heat
affected zone thermal cycles. Two isolation amplifiers
were calibrated by using a constant voltage generator and
adjusted according to standard tables (22). The Nicolet
4094 (with the amplifiers and compensators connected) and

the numatron were attached to a type R thermocouple in a
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furnace and checked to see if their reaﬁiﬁgs were
consistent. The Nicolet 4094 was then connected throﬁgh
the isolation amplifier and cold junction compensator to
the weld mounted type R junction and a2 setting of 0.3
ms/point was set on the scanner. Two thermocouple holes
per weld were monitored with the oscilloscope/amplifier
combination, using the two available channels on the
Nicoiet 4094. The complete set up is diagramed in Figure

19,
2.8 SUBMERGED ARC WELDING

Submerged arc welding was carried out on 1.5 inch
(38.1 mm) weld plate from heat NRC-3, 4, 5, 8, 9, 10, 11,
12, 13, 14 and 15 using & Hobart RC 500, 500 ampere,
direct current, 100 percent duty cycle, constant
potential, reverse polafity power supply with remote
carriage. The theoretical energy input was maintained at
2.45 MJ/m. A Hewlett Packard two pen analog chart‘
recorder monitored voltage and amperage continuously
during welding. A summary of the dial settings and
actual readings is in Table VII. Tibor 22, 3/32 inch

(2.38 mm) diameter wire, in combination with Oerlikon
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Figure 19, Diagram of the welding set up prior to welding.
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Table VII. Welding parameters used to make submerged arc
welds on experimental steels..

Travel Heat

: speed Input
Weld Pass Volts Amperes (m/s) (MJ/m)
SAW-5-1 root 31.00 496 0.0084 1.83
2 26.50 474 0.0051 2.47

3 26.60 476 2.4%

§ 26.25 476 2.46

5 25.75 488 2.47

6 26.38 476 2.47

7 26.50 472 2.46

8 26.25 - 472 2.44

9 26.25 468 2.42

SAW-12-1 root 25.50 512 0.0084 1.55
2 24.75 520 0.0051 2.52

3 26.00 482 2.51

4 25.75 496 2.50

5 25.50 $08 2.54

€ 26.00 484 2.47

7 26.00 486 2.49

8 27.00 472 2.50

9 26.50 480 2.49

SAW-14-1 root 35.50 536 0.0084 2.26
2 36.50 536 0.0051 3.84

3 35.00 560 3.84

4 35.00 560 3.84

5 35.50 5§56 3.87

6 35.00 560 3.84

7 35.00 556 3.82

8 34.50 560 3.79
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Table VII. Continued.

‘Travel

63

Heat

speed Input

Weld Pass Volts Amperes {m/s) (MJ/m)
SAW-15-1 root 24.50 528 0.0084 1.54
2 26.00 500 NA NA

3 24.75 512 0.0051 2.48

4 26.00 492 2.50

S 25.50 492 2.46

6 25.75 496 2.50

7 25.75 508 2.56.

8 25.00 520 2.55
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OP121TT flux was used for welds. The nominal composition
of each is shown in Table VIII. & flux depth of 1.25
inches (32 mm) was maintained for each pass. Between

passes the flux was removed by hammer and chisel.

2.9 METALLOGRAPHY

After welding, the plates were sectioned transverse
to the welding direction, and as close to the
thermocouple holes as possible. The sectioned welds were
ground to a 240 grit, finish and macroetched with two
percent nital to reveal the weld structure. They were
sectioned further to isolate the thermocouple hot
junction, polished to 0.05 micron finish, etched with a
boiling saturated picric acid in methonol with one
percent Aerosol OT (27) solution for two minutes to
reveal the prior austenite grain size next to the fusion
lines, and photographed. The specimens were repolished
to remove the picric etch and etched a second time with
two percent nital to reveal the structure directly
beneath the thermocouple. Photomicrographs were taken
for documentation and for later comparison with weld

simulated specimens.
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Table V1III. Chemical ahalysis {(weight percent) of Tibor
22 wire and Oerlikon OP121TT flux.

Wire Tibor 22 Flux* Oerlikon OP121TT
C 0.059 SiO2 11
Mn 1.48 A1203 17
P 0.008 MgO 32
S 0.009 Ca0 7
i 0.04 Can 24
Cr 0.12 MnO 1
Ni 0.10 TiO2 1
Mo 0.26 Nazo 1
B 0.01 . Fe203 2
Nb 0.003

Cu 0.34

Ti 0.03

Al 0.028

o 0.006

N 0.007

* Nominal Composition



T-3270 66

2.10 THERMAL PROFILING

The thermal data stored on disk in the Nicolet 4094
oscilloscope was in voltage-time. The voltage-time data
was transmitted to an IBM AT personal computer, and
converted to temperature-time using a ninth order
polynomial (22) (for the program see Appendix D).

The temperature-time data was filtered by
appropriate programming, to print every 10th dat# point.
Each wave was recorded using 7936 points, so some
filtering was necessary to handle the numbers (for the
program see Appendix D (27)). The printed thermal data
was further.sorted from 794 points to 50 points manually,
to form & representative set of data which were
programmed into a Gleeble 1500 for weld heat affected
zone simulation.

The temperature-time data obtained from the welding
procedure was plotted and an attempt to match these
experimental curves with the three dimensional heat flow
equations presented by Rosenthal (16) was completed.
Supplementary data from the}Welding Institute (29)

coincided with measured data and it was incorporated into
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this phase of the investigation. Modifications to the
Rosenthal equations presented by Tsi (30) were
investigated and using an empirical modification of his
technique a reasonable ;eﬁresentation of the
thermoprofiles was obtained.

Modifications to the Rosenthal equation for three
dimensional heat transport were used to describe the
higher peak temperatures that were unable to be measured
in the heat affected zone. It is important to describe
the origin and use of these modifications, as they are
strictly empirical, Rosenthal's equation is listed here

again with the variables described previously.

2
T-To = §0 exp GE) (EQ 1) (14)

The experimental curves show that heating is faster
than predicted by Rosenthal and cooling is slower. 1In
order to use Rosenthal equation some modifications were
" made.

The Rosenthal assumption that material physical
coefficients are constant is wrong. As shown in Figure
20, carbon steels have a drastic change in specific heat

(31) at 1000°K. This is due to a phase change from fcc
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Figure 20. ?gggific heat for a group of carbon steels
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(face centered cubic) austenite to bcc (body centered
cubic) ferrite. Thermal conductivity changes with
temperature (32) as shown in Figure 21. Density changes
also, as expected, when heating steel, but this change is
slight. 1If these variations in thermal properties were
incorporgted into the Rosenthal equation, it would
approach reality, however it could no longer be
integrated to its present form and a numerical i{terative
solution would be needed (16). Numerical approaches such
as this, and finite element analysis, as performed by the
Welding Institute (29) is beyond the scope of this
investigation. 1Instead an empirical simplistic aﬁbroach
was used to modify the thermal conductivity.

On the heat-up cycle, Rosenthal's equation was too
slow, a progressively higher thermal conductivity was
inserted until the equation approached the observed.
However, on the cooling cycle this increased conductivity
would increase the cooling rate and reduced cooling was
needed. A second equation which was identical to
the first except a progressively lower thermal
conductivity was inserted, which slowed the cooling until
it matched the observed. Two equations were used, one

with a high thermal conductivity for heating. and one



T-3270 70

TEMPERATURE, °C
100 300 500 700 .. 900 OO

THERMAL CONDUCTIVITY k, Btu/ft-hr°F

) 12" ° Composition,wi%
Z[C_Si Mn Cr Ni_Condition ]1020
| |Pure iron Annealed ||

asr 2[023 0.11 063 — <~ Annealed
3]032 0.18 055 0.71 3.4 Annecled |10.8
4350 220030 -— 1.3 As cost i
40F 51013 017 025 13.00 0.1 Annecled
6/008 0.68 0.37 19.10 8.1 Quenched |+ 0.16
71046 1.30 120 1620 269 -
35F '
410.14
30t
40.2
esSt
410.10
20F
40.08
IS5t 4006
10r 40.04
5 » 4 9 ¢ | Y g g 9 g N
(0] 200 600 1000 1400 1800 2200

TEMPERATURE, °F

Figure 21. Changes in thermal conductivity with
temperature for a variety of steels.
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with a low thermal conductivity for coolihg. The curves
MR11092, MR11ll and MR1llll are these modified equations
plotted, along with the experimental curves, 15Wl12,
14W1ll, 12W10, 12W9 and the Welding Institutes curve WI-1l
in Figure 22.

The curves shown in Figure 22 were programmed into
the Gleeble 1500 weld simulator and used for heat
affected zone modelling of steels from heat NRC-5,
NRC-12, MRC-14 and NRC-15.

2.1l GLEEBLE SIMULATION

Twelve Epecimens from each heat, NRC-3, 5, 12, 14
and 15, were machined from the specially normalized
Gleeble plate to 0.250 inch (6.36 mm) diameter, 4 inch
(102 mm) long cylindrical specimens for use in the
Gleeble 1500.

The machined samples were mounted in the Gleeble
thermo-mechanical weld simulator. The span between the
jaws was kept constant at one inch (25.4 mm). - On samples
where the peak temperéture was below 1200°C a type K
thermocouple was welded to the specimen to monitor the

induced thermal cycle. Above 1200°C a type R
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thermocouple was used. The thermoprofilés were recorded
on an analog éhart recorder which is part of the Gleéble
1500 unit. On samples where peak temperatures were below
1obo°c the full scale setting on the chart recorder was
one volt (1000°C full scale). &bove 1000°C the full
scale setting was two volts (2000°C full scale). The
chart speed was 40 cm/min. with the coordinate setting on
Y-vs-t. After thermal cycling the Gleeble specimens were
sectioned directly beneath the thermocouple hot junction
and polished to an 0.05 micron 21203 finish. &all
specimens were etched in two percent nital and
photographed. Specimens where the prior austenite grain
boundaries were not decorated with allotriomorphic
ferrite, were repolished and etched with saturated picric
acid in methanol with one percent Rerosol OT and again
photographed. The microstructures were compared to the
microstructures of the actual welds and the Gleeble 1500
was evaluated as a tool to model heat affected zone
microstructures on cast steel. In addition, the
microstructures generated by the Gleeble were examined to
£ind microstructural differences caused by cleanliness

and alloy chemistry between samples.
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3.0 RESULTS AND DISCUSSION

?he various manufacturing processes used to
fabricate cylindrical overpack containers were discussed
at the beginning of this thesis. Two processes, static
casting and centrifugal casting were examined as
manufacturing techniques. The variables that affected
the as-cast microstructures emphasized the advantage of
centrifugal casting as the manufacturing technique best
suited for cylindrical overpack container production.
The results of the experiments to verify the effects of
alloy chemistiy, cleanliness, initial solidification
processing, heat treating, and welding on the
microstructure of centrifugally cast steels are discussed
here. The results of weld thermal cycle simulation on a
Gleeble 1500 to produce samples large enocugh for

mechanical testing are discussed as well.
3.1 STATIC CASTING

Large static castings of the dimensions of the
overpack container will generally have a region of

columnar solidification and a region of eguiaxed
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solidification. Columnar solidification is characterized
by a degree of undetcooling at the solid/liquid interface
of a s0lidifying melt. The nucleation of solid is at the
mold/metal interface and preferential growth along the
<100> crystallographic direction predominates.(33).
Equiaxed solidification is typified by long
solidification times with little or no thermal gradient
present. Nﬁcleation occurs in the bulk liquid yielding
an equiaxed structure. This region generally occurs at
the center of large "chunky" castings and is the last
metal to solidify.

The two furnace solidified specimens T-1 and T-2,
used to model statically cast overpack containers, were
cooled at 0.5°C and 2.0°C per minute respectively; and
examined metallographically to reveal secondary dendrite
arm spacing as a function of solidification time.
Equiaxed solidification occurred in both castings as
shown in Figure 23. No secondary dendrite structure was
seen in T-1 and thus no measuremént was made. However,
T-2 revealed the beginning of a secondary dendrite arm
structure which prompted a normalizing treatment.
(Normalizing did not change the initial solidification

structure, but merely enhanced the segregated
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Figure 23.

76

Photomicrographs of the furnace solidified
specimens T1 and T2. T2 shows the beginning
of secondary dendrite arms. 2% nital etch.
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interdendritic regions). The measured arm spacing was
970 microns and followed the diagram of Figure 10, which
shows secondary dendrite arm spacing as a function of
golidification time.

The effects of alloy content and cleanliness on
microstructure and properties was not evaluated for these
two steels, as static casting was eliminated as a viable
manufacturing technique for overpack containers. The
secondary dendrite arm spacing measurements were carried
out only to determine if the experimental technigue was
successful. For completeness, the chemical analysis of
T-1 and T-2 isvshown in Table IX. The remainder of this
discussion will address the effects of alloy content and
cleanliness on the microstructure and properties of

centrifugal castings.
3.2 CENTRIFUGAL CASTING

Nineteen heats of steel ﬁere cast into grey iron
ingot molds. Each heat yielded two one inch (25.4 mm)
thick plates and one 1.5 inch (38.1 mm) thick plate which
provided specimens for welding and metallographic

analysis which typify centrifugal castings. The 1.5 inch
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Table IX.

Tl

Tl

T2

T2

before
casting

after

casting

before
casting

after
casting

1c
0.17
0.15
0.17

0.16

£Mn

0.85

0.15

0.85

0.17

£Si

0.20

0.10

0.20

0.39

15
0.025
0.02

0.025

0.04

[},
0.01
0.01
0.01

0.01

78

Chemical analysis of statically cast experi-
mental steels, before and after casting.

0.01
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(38.1 mm) thick plate and one inch (25.4 mm) thick plate
were normalized as described in the experimental
procedure. The as-cast, and normalized one inch (25.4
mm) plates were eiamined for: compliance to the ASTM
A-216 grade WCA specification, inclusion distribution,
phase identification, the effects of cleanliness and
alloy content on microstructure, and secondary dendrite
arm spacing. The 1.5 inch (38.1 mm) thick normalized
plate was welded; monitoring heat affected zone thermal
cycle, sectioned, and examined metallographically to
determine the effects of alloy and cleanliness variations
on heat affected zone microstructure. Upon completion,
the effects of welding and casting process variables on
the microstructure and properties of ASTM A-216 grade WCA
steel was determined. The chemical analyses for the 19
heats cast are shown in Table IV. Since NRC-5, NRC-12,
NRC-14, and NRC-15 best match the tatget alloys A, B, and
C of the aforementioned specification, they will be the
subject of this discussion. The other heats will be the
subject of future work and may be mentioned only on
occasion during the duration of this thesis.

Figure 24 shows micrographs of the as-cast

structures. The experimental steels do match the
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this study, shown in the as-cast condition.

Photomicrographs of the four steels used for
2% nital 100x.

Figure 24.
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microstructure of ASTM A-216 grade WCA sﬁeel, showing
elongated ferrite grains (white) with islands of pearlite
(black). (Note: the pearlite volume fraction appears to
change from specimen to specimen; however, sectioning
differences and small changes in carbon content account
for this.)_

Specimens were polished to & 0.05 micron finish and
examined optically in the unetched condition.
Micrographs in Figure 25 show the observed structure.
NRC-5 has 114 ppm oxygen and 0.01 weight percen£ sulfur
so the inclusions shown are primarily MnSiOj, al703, and
MnS as the scanning electron microscope analysis shown in
Table X reveals. NRC-12 has 165 ppm oxygen and 0.0l
weight percent sulfur, and shows a higher oxide inclusion
volume fraction thah does NRC-5. NRC-14 has 218 ppm
oxygen and 0.045 weight percent sulfur and has the
highest inclusion volume fraction of the steels studied.
NRC-15 with 0.01 weight percent sulfur and 60 ppm oxygen
has the lowest non-metallalic inclusion volume fraction
of all.

Figure 24 indicates that neither the inclusion

counts nor the chemical variations in silicon, manganese,
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Figure 25. Photomiérographs of the four steels used in
this investigation depicting the nonmetallic
inclusions. Unetched 100x.
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Table X. ~ Scanning electron microscopy summary of
inclusion identification and area fraction.

Area Fraction - Area Fraction*
Sample MnS (X10000) Oxide (X10000)
NRC-5 6.10 2.10
NRC-14 11.50 40.50
NRC-12 3.31 5.46
NRC-15 4.62 5.14

*Includes A120 and MnSioO., combined

3 2

83
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aluminum, sulfur or oxygen have a significant influence
on the as-cast ingot microstructures.

The normalizing treatment is part of the
manufacturing process prior to delivering the overpack
container to the customer; therefore, effects of
normalization on grain size and the effect of chemical
variations, and inclusion distributions on the normalized
microstructure must be assessed.

Normalizing is used to produce a uniform
microstructure, refine the grain size, and to relieve
residual stresses. This treatment brings the steel into
the austenite phase, but is sufficiently low in
temperature to prevent undesirable grain growth. Upon
air cooling, the austenite transforms to equiaxed
ferrite/pearlite. The room temperature ferrite grain
size is a function of time and temperature spent in the
austenite phase, and cooling rate from the austenite
phase to room temperature, hence low austehitizing
temperatures (900°C for AlSl 1018 steel) are used for
normalizing treatments.

Standard normalizing treatments are; austenitize for
one hour per igch (25.4 mm) of thickness, and air cool.

For a typical 6 inch (152.4 mm) overpack container, this
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procedure is; austenitize at 900° for three hours and air
cool. A standard normalizing treatment for the

experimental steels is; austenitize at 900°C for one hour

and air cool. As expected, the 6 inch (152.4 mm) thick

section has a larger room temperature ferrite grain size
than the one inch (25.4 mm) section, due to the longer
austenitizing temperatures, and slower cooling times as
shown in Figure 14.

The modified normalizing treatment used in this
study; austenitize at 1050°C for two hours and slow cool
resulted in the structures shown in Figure 26.

Comparison of these structures to actual heavy section
castings, Figure 13, shows that the experimental modified
normalizing treatment, indeed, produced structures
typical of industrial castings. A summary of the grain
sizes for the steels in Figure 26 and those in Figure 13
are in Table XI.

After normalizing, the secondary dendritic structure
became visible and was measured to be 50 microns using
linear intercept techniques. This spacing corresponds to
a solidification cooling rate of 500°C per minute as seen
in Figure 10. The secondary dendrite arm spacing (DAS)

can be used as a tool to assess the effects of



3

T-3270

Figure 26.

86

Photomicrographs of the experimental steels,
in the normalized condition, showing typical
ferrite/pearlite structure. 2% nital 100x.
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Table XI. Summary of grain sizes of experimental steels
and steels analyzed from Volume 7 Eighth
Edition of the ASM Metals Handbook.

GRAIN SIZE

SPECIMEN {microns).
NRC-5 34
NRC~-12 40
NRC-14 45
NRC-15 65
VOL. 7 (1") ' 22
VOL._7 (3%) 36

VOL. 7 (6e") 41
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microsegregation and macrosegregation oh'mechanical and
corrosion behavior of overpack materials. The 1000
micron secondary DAS in the slowly solidified specimen
and the 50 micron secondary DAS of the chill cast steels
show that it is possible to determine the solidification
rate by metallographic techniques alone. This visual and
relatfbely easy to acquire information can represent a
tool for quality assurance. The quantification of
dendritic segregation effects on the mechanical and
corrosion behavior is beyond the scope of this work. It
should be noted that these segregation affects will play
a zolé'in container performance and that future work
should address that fact on a quantitative basis.

Up to now the effects of alloying and cleanliness on
overpack microstructure has shown little significance.

Optical microscopy revealed that no microstructual
differences exist between the four steels due to the
a;loy and cleanliness modifications for the casting and
normalizing manufacturing processes.

Welding is the final fabrication process of the
overpack container prior to burial and, as such, an

examination as to how the alloy and cleanliness
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modifications influence the weld heat-affected-zone

microstructure is warranted.

3.3 WELDING

In most welding processes, the weld metal
microstructure can be controlled through selection of
proper electrode and shielding combinations. The
heat-affected zone in the basemetal, on the other hand,
shows a wide variety of microstructural changeé which
depend on: welding energy input, base plate composition,
inclusion tjpe and distribution, and'preweld and postweld
heat treatments. |

The heat affected zone in steel is usually divided
into four sections: the grain growth region, closest to
the fusion line which sees temperatures above 1100°C; the
grain refined zone or recrystallized zone, next to the
grain growth zone which sees temperatures between 1100°C
" and 900°C; the partially transformed zone, next to the
grain refined zone with temperatures between 900°C and
750°C; and the zone of spherodized carbides, or tempered
zone, which is furthest away from the fusion line and

sees temperatures‘in the 750°C to 700°C range (l4).
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Figure 27 shows a schematic of the four zones with
respect to distance from the fusion line, and their
relation to the iron-iron carbide phase diagram. This
diagram will serve as a tool for qualitative examination
of the microstructures obtained dﬁring the welding
process., Figure 28 shows micrographs of these four zones
taken from an off-chemistry weldplate used to adjust the
welder. It is typical of the structures that were seen
in the actual experimental welds, although the chemical
and inclusion variations of the experimental steels
altered the zones as will be described later.

Eleven plates of the dimensions shdwn in Figure 17
. were subme;ged arc welded using thermocouples to monitor
the heat affected zone thermal experience. Welds SAW-5,
SAW-12, SAwW-14, and SAW-15 were made on normalized steel
from heats NRC-5, NRC-12, NRC-14, and NRC-15,
respectively, and were sectioned transverse to the
welding direction, and as close to the thermocouple as
possible, to reveal the position of the thermocouple hot
junction (Figure 29). The welding parameters are shown
in Table VII. Further sectioning and subsegquent etching
revealed the microstructure‘directly beneath the

thermocouple. Photomicrographs of these areas were taken
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Figure 27. A schematic diagram of the various sub zones
of the heat affected zone, corresponding to
the alloy CO(O.IS wt. 8C). (14)



T-3270

Figure 28.
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Photomicrographs of the four heat affected
zone subzones in an off chemistry
experimental weldment. The top micrograph
shows the fusion line and grain growth
region, the middle is recrystallized zone,
and the bottom shows the partially
transformed zone and tempered zone. 2% nital
50x.
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Figure 29. Photomicrographs showing typical thermocouple
placement for thermal cycle measurements.
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for comparison with the measured thermal'experience. The
thermal data was compared to the photomicrograhs taken
below the thermocouples and evaluated using a continuous
cooling transformation diagram for AISI 1018 steel (34)
(Figure 30) and the diagram in Figure 27.

Figure 31 shows the microstructure directly beneath
the hot junction of one of the thermocouplés in Saw-15,
along with the measured thermal experience that generated
that structure. The weld joints took between 9 and 10
passes to fill, and the thermocouples measured the effect
of all ;en passes during the welding cycle. The curves
shown in Figure 31 are the resul£ of three of the welding
passes that raised the temperature of the region being
monitored to critical values. No significant
microstructural changes occur for weld passes where the
peak temperature is less than 600°C, so the curves for
those weld passes were omitted.

‘The microstructure can be evaluated qualitatively by
using the diagram of Figure 27 and the measured thermal
experience. Curve SaW~-15W7 of Figure 31 shows a peak
temperature of 1028°C which according to Figure 27
should yield a fine grained microstructure. During

heating, the ferrite to austenite transformation does not
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have time to develop properly, the carbides may not fully

dissolve, and the grain size remains small. The
austenite to ferrite transformation on cooling produces a
fine grained ferrite/pearlite structure (14). The next
thermal cycle this region sees is depicted by curve
SaW-15W11l, which shows a peak temperature of 1060°C.
This, too, is in the grain refined zone and yields a
slightly more refined structure. The next measured
thermal cycle SAaW-15W1l5 shows a peak temperature of 815°C
and is in the partially transformed region. The refined
pearlite, from the previous two passes quickly
austenitizes because of its lower ferrite to austenite
transformation temperature. Upon cooling, the austenite
to ferrite transformation yields pearlite. The structure
is still refinedland shows equiaxed ferrite/pearlite.
Figure 32 shows a micrograph from SaW-14 with the
thermal experience that generated this structure.
SAW-14W7 has a peak temperature of 1037°C which is in the
grain refined zone. SaW-14Wll has a peak temperature of
892°C, and is in the partially transformed region. The
already refined structure from the previous passes did
not change, but the pearlite became more refined on this

second heating.'
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Figure 32. A measured set of thermal data taken from SAW-14 along

with the associated microstructure. Refin?d equiaxed
ferrite (white) and pearlite (black) are visible. 2%
nital 100x.
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Figure 33 shows a region monitored by a second
thermocouple mounted in Saw-14. Curve SAW-14W10 has a
peak temperature of 982°C and is in the lower grain
refined region. Thermal profile SAW-14Wl4 has a peak
temperature of 835°C which does not affect the already
refined structure.

The thermal data was lost for the structures shown
in Figure 34. However, from the appearance, the peak
temperature was in the zone of spherioidized carbides
between 700 and 750°C. This will be substantiaﬁed during
Gleeble simulation.

Figure 35 depicts the microstructure of the region
monitored by a thermocouple in SAW-12. SAW-12W10 has a
peak temperature of 947°C which is betweeh the grain
refined zone and the partially transformed zone.
SAW-12W1l4 has a peak temperature of €55°C and is outside
the heat affected zone. The observed microstructure
typifies a partially transformed region which, for this
steel, indicates a sluggish ferrite to austenite
transformation when compared to SAW-15. This anomaly
will be addressed shortly.

Figure 36 shows the microstructure obtained from a

second thermocouple hole in SAW-12. The thermal curve
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Figure 34. Photomicrographs taken below a thermocouple

in SAW-5. The structure is partially
transformed with broken pearlite (black)
colonies and equiaxed ferrite (white).
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Thermal profiles measured from a second thermocouple
mounted in SAW-12 along with the associated
microstructure. The ferrite/pearlite morophology is
partially transformed with broken pearlite (black)
colonies. 2% nital 100x.
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Figure 36. A thermal profile measured from a thermocouple mounted in

SAW-12 along with the microstructure that was generated.
It shows refined ferrite (white) and pearlite (dark). 2%
nital 100x.
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SAW-12W9 has a peak temperature of 1060°C which is in the
grain refined region. As predicted , the miérostructure
is refined.

Figures 31 through 36 in conjunction with the
diagram of Figure 27 prove that the experimental
technigque to measure the thermal experience of the heat
affected zone was success%ul. Experimental constraints
did not allow for the thermal experience to be measured
closer than one millimeter from the fusion line. The
weld joint design in combination with the multiéle passes
made thermocouple placement in this grain growth fegion :
prohibitive. The measuiég data, however, can be utilizgd
to predict the thermal experience between 1100°C and the
fusion line (1500°C) using appropriate heat transfer
considerations. Before moving to that phase of the
investigation further, microstructural examination of the
affected zones of these welds was conducted.

Recalling that the basis behind this research was to
investigate how casting and welding process variables
affect the microstructure of steel overpack containers,
and so far, for steels within the ASTM 2-216 grade WCA
specification, regardless of cleanliness or alloy

content, no microstructural changes have been visible.
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*Dirty" steel looks like "clean" steel, in the as-cast
cbndition, and in the normalized condition. Now, in the
weld heat affected zone where peak temperatures have not
exceeded 1100°C, the structures also show very little
sensitivity to the alloy and cleanliness modifications.
However, when temperatures above 1100°C are reached,
significant microstructural changes become apparent as
shown in Figure 37a. These micrographs, with the fusion
line at the top, show the region where peak temperatures
range from 1520°C at the fusion line to approximately
1100°C at a distance of one millimeter-away; precisely
where thermocouple placement was prohibitive. Grain
growth and particle dissolution significantly change the
. structure at these ﬁigh peak temperatures and the affects
of cleanliness and alloy content play a major role in the
events that lead to the variance in microstructure
depicted in Figure 37a and b.

Comparison of SAW-5 and SAW-12 shows that SawWw-5 has
more allotriomorphic ferrite, an& Widmanstatten ferrite
than does SAW-12. SAW-14 has a smaller prior austenite
grain size than SAW-5, SAW-12 and SAW-15. The nature and
meéhanism for these microstructural changes will be

discussed shottly. Suffice it to say that the observed
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Figure 37a. The fusion zone (top) and grain growth region

: of the four welds studied, showing the
microstructural differences directly next to
the fusion line. Yorgasons etch, 50x.
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differences can be directly related to éiloy content and

cleanliness.
3.4 HEAT AFFECTED ZONE MODELLING

Rosenthal's three dimensional heat transport
equation (14) was used to predict the thermal experience
of the one millimeter wide region adjacent to the fusion
line. The analytical curves, MR11092, MR1l1ll, and MR1l1l1ll
are shown in Figure 22 along with selected curves from
the measured thermal cycles of this study.

The region significantly affected by the alterations
in chemical composition was shown to be the one
millimeter wide region next to the fusion line in which
the peak temperature exceeds 1100°C. This grain growth.
region has the most susceptible microstructure to
degradation by corrosion and loss of mechanical
properties. Since mechanical or corrosion test specimens
cannot be machined economically from & one millimeter
wide region, a Gleeble 1500 weld simulator was evaluated
as a tool to duplicate specific regions of the heat
affected zone in a 0.250 inch (6.35 mm) diameter test

specimen., First, the measured curves shown in Figures 31
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through 36 were programmed into the GleeBle 1500. These
thermal profiles were run on machined samples'from the
corresponding heats. For.example, the curves shown in
Figure 31 were measured on SAW-15 (Submerged Arc Weld on
plate from heat NRC-15). Hence, Gleeble specimens were
machined from heat NRC-15 plate, and the programmed
thermal profiles were run on these specimens. &
microstructural comparison between the actual weld and
the Gleeble simulated microstructure was completed to
evaluate the effectiveness of the Gleeble 1500 as a éool
to duplicate heat affected zone microstructure in cast
and normalized, welded steel. Secondly, a
microstructural map of the heat affected zone at
approximately 100°C peak temperature intervals between
690°C and 1450°C was generated on the four steels using
the program curves shown in Figure 22. This map was used
to evaluate the effects of alloy content and cleanliness
on heat affected zone microstructure. The results of the
microstructural duplication experiments using the Gleeble
1500 weld simulator are discussed below.

The thermal profiles SAW-15W7, SAW-15Wll and
SAW-15W15 shown in Figure 31 were run on a Gleeble sample

from cast and normalized NRC-15 plate. Figure 38a shows
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the thermal curves measured from the Gleeble 1500 and
Figure 38b compares the simulated microstructure with the
actual. As seen, the microstructural duplication is
excellent, showing a refined grain size, and equiaxed
ferrite/pearlite.

Thermal profiles SAW-12W10 and SAW-12Wl4 from Figufe
35 were run on a Gleeble sample from heat NRC-12. The
simulated thermal experience is plotted in Figure 39a and
the simulated and actual microstructures are compared in
Figure 39b. &gain, the structures match very well. With
& peak temperature from SAW-12W10 of 941°C, the *structure
is partially transformed with the pearlite being bgsken
and fine,

Thermal profiles SAW-14W7 and SAW-14Wll from Figure
32 were run on a Gleeble specimen from heat NRC-14, and
are shown in Figure 40a. The comparison in Figure 40b
shows excellent agreement. The microstructure obtained
is refined ferriﬁe/pearlite typical of peak temperatures
between 900°C and 1100°C as depicted by Figure 26.

Measured curves SAw—i4W10 and SAW-14Wll were run on
another Gleeble specimen from heat NRC-14 (Figure 4la).
the comparison, shown in Figure 4lb is again excellent.

The microstructure is refined ferrite/pearlite.
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Figure 42a shows curve Saw-12w9 whiéh WWas run on a
Gleeble specimen from heat NRC-l2. Figure 42b shows the
comparison between the actual microstructure obtained
from thermal curve SAW-12W9 of Figure 37 and the Gleeble
modellgd structure. The structures are refined
ferrite/pearlite.

These comparisons show that the Gleeble 1500 weld
~simulator can indeed duplicate the heat affected zone
microstructure from measured time-temperature curves on
cast and normalized weld plate.

The curves shown in Figure 22 were run on Gleeble
samples from each of the heats of steel, NRC-5, NRC-12,
NRC-14, and NRC-15. Each curve has a peak temperature
approximately 100°C above the previous, so that the
microstructures obtained represented a map of the heat
affected zone at 100°C peak temperature intervals
from 690°C to 1450°C. These chosen curves yielded
specimens that show the microstructual changes brought
about by the chemical variations and cleanliness of each
steel.

The micrographs taken from the Gleeble specimens are
shown along with the programmed curves that generated

them. Figure 43a shows the thermal profile SAW-15Wl2
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Figure 42b. A comparison between the Gleeble modelled and

actual heat affected zone microstructure on a
second sample from heat NRC-12,
that generated the structure are shown in
Figure 42a.

The curves
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Figure 43a. The resultant thermal profiles on specimens NRC-12 and
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that was run on heats NRC-12 and NRc-la.. For NRC-14, the
peak temperature was 705°C and for NRC-12 it was 697°C.
Figure 43b shows the microstructure of both. No change
over the starting microstructure of Figure 26 is
observed.

Figure 44a shows the thermal profiles obtained using
SAW-14Wll as a program curve. For NRC-5 the peak
temperature was 860°C; for NRC-12, 865°C; for NRC-14,
870°C; and for NRC-ls; 880°C. The resulting
microstructures shown in Figure 44b reveal lameliar
pearlite with some grain refinement.

Figure 45a shows the measured thermal profiles using
SAW-12W10 as a program curve. The peak temperatures
obtained were: NRC-5, 938°C; NRC-12, 931°C; NRC-14,
930°C; and NRC-15, 940°C. The microstructures (Figure
45b) show some refinement and breaking apart of the
pearlite colonies. The structure seen on NRC-12
indicates that the transformations on heating and cooling
are slower than the others. This sluggish transformation
was noted earlier in the actual measured microstructure

shown in Figure 35, but as yet no explanation has been

' determined.
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Figure 44b. The resultant microstructures generated from
the curves of Figure 44a. There are slight
microstructural variations but nothing
significant. 2% nital, 100x.
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Figure 45a. The resultant thermal profiles on specimens NRC-S,
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Figure 46a shows the thermal profiles obtained using
SAW-12WS as a program curve. The peak temperatures were:
NRC-5, 1010°C; NRC-12, 1040°C; NRC-14, 1010°C; and
NRC-15, 1040°C. The microstructures (Figure 46b) show a
highly refined ferrite/pearlite structure, which has lost
the signs of the dendritic structure, excepting NRC-12
which still shows sluggish transformations.

Figure 47a shows the measured thermal profiles using
WI-l as a program curve. The peak temperatures obtained
were: NRC=-5, 1170°C; NRC-12, 1135°C; NRC-14, 1160°C; and
NRC-15, 1175°C. The obtained microstructures (Figure
47b) show a refined structure of equiaxed
ferrite/pearlite. NRC~1l2 no longer has the sluggish
transformations.

Figure 48a shows the thermal profiles obtained by
using the empirically derived MR1l1lll program curve. The
peak temperatures obtained were: NRC-5, 1228°C; NRC-12,
1250°C, NRC-14, 1275°C; and NRC-15, 1240°C. The obtained
microstructures (Figure 48b) show the beginning of grain
growth. There is an affect of cleanliness and chemical
variations on the microstructures at these peak
temperatures; the prior austenite grain sizes of NRC-12 and

NRC-14 are larger than NRC~5 or NRC-15. (The prior
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Figure 46b. The resultant microstructures generated from
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Figure 47a. The resultant thermal profiles on specimens NRC-5,
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Figure 47b. A microstructural comparison between the
experimental steels obtained from the curves
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(gray) decorated by allotriomorphic ferrite
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growth. The others show equiaxed
ferrite/pearlite. 2% nital, 100x.
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Figure 48b. A microstructural comparison showing NRC-5

and NRC-12 with equiaxed ferrite/pearlite,
NRC-14 with acicular and Widmanstatten

ferrite, and NRC-15 with upper bainite and

allotriomorphic ferrite. The curves that

- generated these structures are in Figure 48a.

2% nital, 100x.
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austenite grains are decorated by white ‘allotriomorphic
ferrite).

Figure 49a shows the thermal profiles obtained by using
the empirically derived MR1ll program curve. NRC-5 and
NRC-12 specimens could not be obtained due to a material
shortage; however, NRC-1l4 and NRC-15 were carried out. The
peak temperatures obtained were: NRC-14, 1315°C; and
NRC-15, 1330°C. The microstructures show (Figure 49b) heavy
grain growth with the predominant phase in NRC-15 being
upper bainite. NRC-14 shows a great deal of
allotriomorphic ferrite, with grain centers being upper
bainite. The effects of the chemical variations and
cleanliness due to manufacturing have become apparent.

Figure 50a shows the measured thermal profiles on the
.empirically derived MR11092 program curve. The peak
temperatures measured were: NRC-5, 1390°C; NRC-12, 1440°C;
NRC-14, 1405°C; and NRC-15, 1460°C. The micrographs (Figure
50b) shown are very different. NRC-5 shows large prior
austenite grains with allotrimorphic ferrite and
Widmanstatten ferrite decorating the Soundaries. There is
upper bainite in the grain interiors with some acicular
ferrite. NRC-12 shows more ferrite laths throughout the

structure than NRC-5 and the upper bainite present is coarse.



2000

0LZE-L

THERMAL PROFILES USING
PROGRAM CURVE MRIN

o

Q

o
[}

NRC-15
NRC-14

TEMPERATURE (°C)
o
(@)
(®)

o
o
o

400 1 3 R

o 15 30 a5 60
TIME (S)

Figure 49a. The resultant thermal profiles on specimens NRC-14 and
NRC-15 using MR111 as a program curve.

LET




T-3270

Figure 49b.

138

A microstructural comparison showing NRC~-15
with large prior austenite grains and upper
bainite as a decomposition phase. WNRC-14
with primarily Widmanstatten ferrite and
pearlite. The curves that generated these
structures are in Figure 49a. 2% nital,

200x.
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NRC-14 shows smaller prior austenite gréins than either
NRC-12 or NRC-5 with a much coarser ferrite lath structure
than either. NRC-15 shows predominantly fine upper bainite,
with little or no allotriomorphic ferrite.

The aforementioned comparison proves that the
Gleeble 1500 is a viable tool to produce specimens
from selected areas of the heat affected zone. This
being the case, specimens generated by the Gleeble 1500
can be used for further investigation. It was shown in
the actual welds and reconfirmed using Gleeble
simulation, that the microstructural changes brought
about by alloy cleanliness variations become apparent
only when peak temperatures exceed 1100°C. A discussion
as to the kinetics and theory behind these

microstructural changes is warranted.
3.5 HARDENABILITY THROUGH PROCESSING

As shown in the previous discussion, .alloy and
cleanliness variations only affect the final room
temperature microstructure when peak temperatures exceed
1100°C. The analytical thermal profiles MR11l1ll, MR1l1ll,

and MR11092 generated specimens which typify regions of
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the base plate heat affected zone that réached peak
temperatures in excess of 1100°C. 2n explanation of the
basis behind these observed microstructural variations
comes from hardenability and nucleation theory.

Several factors éffect the hardenability of the heat
affected zone during the welding thermal cycle. Not only
alloy content, such as percent manganese in solution, but
austenite grain size, and number of nuclei for austenite
decomposition.

Manganese is an austenite stabilizer, and én
increase of manganese in solution pushes the nose of the
CCT curve, Figure 29, to longer times (35). For the
steels used in this investigation, -this means that the
austenite will decompose to bagnite at high manganese
contents and ferrite/pearlite at lower manganese levels,
for a given weld thermal cycle where the peak temperature
rises above 1100°C.

Grain size effects the hardenability of the heat
affected zone with larger grains showing lower order
transformation products. It has Seen shown that a fine
dispersion of second phase particles are responsible for
pinning austenite boundaries during weld thermal cycling

(14). The commonly used precipitates designed to pin
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austenite boundaries in microalloyed steels are Ti(C,N),
Nb(C,N), ALN, and V(C,N). The grain growth in these
steels during the weld thermal cycle, if not retarded,
would be large enough to cause martensite formation upon
austenite decomposition, where acicular ferrite is the
desired structure. Since 80 percent of the grain growth
occurs on the heat up cycle during welding, the
microalloy precipitate is used as an austenite boundary
pinner during this cycle. Eventually, the precipitate
dissolves and the boundaries are unimpeded, and grow at a
rapid rate. The effectiveness of a carbonitride as

a grain boundary pinner is its solubility temperature in
austenite. The solubilities of the common precipitates
are shown in Figure 51 (14). It can be seen that TiN has
the highest solubility temperature and, as Such; is the
best boundary pinner.

The steels of this investigation have only two
possible significant boundary pinning constituents: AlN
and Fe3Cc., The aluminum ﬁitrides are a result of the
deoxidation practice. Aluminum is added as a deoxidant
to fully killed steels; however, aluminum nitride, as
well as aluminum oxide, forms. The aluminum nitride

segregates to the austenite graiﬁ boundaries, and act as
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obstacles to grain bouondary migration. The ALN
solubility temperature is composition dependent at
equilibrium conditions as shown in Figure 51. The
solubility limits of this figure are not correct for the
welding process. Equilibrium is not reached at the
heating rates used and particle superheating occurs. Two
possibilities become available: particles do not
dissolve completely during the welding cycle, but some
particle coarsening occurs, or particles completely
dissolve. For the steels used in this investigation, no
coarsening occurs forvAln, only dissolving. The time for
AlN to dissolve at any given heating rate is shown in
Figure 52. This means that large grains will form above
approximately 1100°C for the heating rates of this
welding process. The carbon conﬁent of this steel is
0.18 weight percent with an Fe3C volume fraction of 1l1.5
percent., The carbides appear only in the peariite prior
to welding, so they do not affect the pinning of
austenite grains.

The prior austenite grain size of the specimens
thermally cycled by MR11092 was: NRC-15, 250 microns;
NRC-14, 200 microns; NRC-12, 292 microns, and NRC-5, 289

microns. NRC-14 is considered a dirty steel, with many
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sulfides and oxides which are not normaliy considered
effective austenite boundary pinners, but do act as
obstacles to boundary motion. The high inclusion volume
fraction in combination with AIN yield a finer prior
austenite grain size than either NRC-12, NRC-5, or NRC-15.
NRC-5 and NRC-12 both have very nearly the same oxygen
content, sulfur content, and aluminﬁﬁ content and,
consequently, the same prior austenite grain size.

The prior austenite grain size and the
inclusion/matrix interfaces have a significant effect on
the austenite decomposition products on cooling from
temperatures above 1200°C. Not onlf’do non-metallic
inclusions partially affect the grain growth kinetics,
but they play a significant role in determining the final
austenite decomposition products. Upon heating, grain
growth and particle dissolution are the dynamic fgatures.
Upon cooling, reprecipitation and nucleation are the
dynamic features. The austenite grains have grown to 80
percent of their final size when cooling begins and the
austenite decomposition products now depend on available
nucleation sites. The non-metallic inclusions, oxides
and sulfides, create interfaces for the nucleation of

austenite decomposition products.



T-3270 148

3.6 NUCLEATION

Nucleation in solids is almost always heterogeneous.
Nucleation sites are non-equilibgium defects such as
vacancies, dislocations, grain boundaries, stacking
faults, inclusions, and free surfaces, all of which
increase the free energy of the material (36). If the
creation of a nucleus results in the destruction of a
defect, some free energy 453 will be removed, reducing
the activation barrier. The eguation for heterogeneous

nucleation is:
AGyeT = -V (AGv - AGs) = Ay - AGd (36)
AGv = volume free energy of secondary phase

A = area of an interface between primary and

secondary phase

Y = interfacial energy between two phases
AGs = misfit strain energy per unit volume
4Gd = free energy due to destruction of a defect

v = volume of second phase
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The optimum embryo shape which minimizes total
interfacial free energy for an incoherent grain-boundary
is two abutted spherical caps as shown in Figure 53.
Where COSf = Y50/2vqg . The excess free energy

associated with the embryo is:

8 = -VaGv AygYog = Aga Yoo

where (A A ) = AGd

a8 Yag~ “ae Yoo

The critical radius of the ~spherical caps will be r* =

'ZyuB/AGv. Also

V'wer |, AS'mpr | s(e) (EQ 2)
V¥ oM LI

V*HET = critical nucleus size for heterogeneous
' grain boundary nucleation

VoM s critical nucleus size for homogeneous
gféin boundary nucleation

AG*HET = activation energy barrier for hetero
geneous nucleation

8G# oy = activation energy barrier fo; homo-
geneous nucleation |

s(e) = shape factor

s(e) = (2 + Cos8) (1 - Cos6)?
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Figure 53. The critical nucleus size (V*) for grain
boundary nucleation.
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The potency of a grain boundary as 5 nucleation site
depends on the Cos #; i.e., Yaa/Yeg . If this ratio
exceeds 2, there is no nucleation barrier (36).

AG*ypr can be further reduced by the availability of
inclusion/matrix interfaces, because of the high energy
inclusion/matrix boundary (36).

The various nucleation sites in order of increasing
AGd; i.e., decreasing AG* are: 1) homogeneous sites, 2)
vacancies, 3) dislocations, 4) stacking faults, 5) grain
boundaries and interphase boundaries (inclusions), and 6)
free surfaces. Nucleation should always occur on sites
_near the bottom of the list,

Upon cooling below 820°C, austenite has a
thermodynamic desire to decompose to more stable phases.
Ferrite will begin to form at the austenite boundaries
under equilibrium cooling and will continue to form on
cooling until the Al temperature is reached, where the
remaining austenite transforms to pearlite. Under
noneguilibrium cooling, various structures are possible.
Austenite still has its thermodynamic desire to decompose
but time is shortened, so at intermediate cooling rates

allotrimorphic ferrite is formed at high angle prior
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austenite grain boundaries, but these nucleation sites
soon become saturated and the next available nucleation
site is inclusion/matrix interface boundaries. Ferrite
will nucleate here until those sites become saturated.
This is seen in Gleeble sample 12-MR11092 where the
allotriomorphic ferrite saturated the boundary sites but,
due to the undercooling, had no time to grow and more
ferrite was nucleated at the inclusion/matrix interfaces.

Lower order nucleation sites become active with the
higher degree of undercooling. If very few nucleation
sites for ferrite are available or the cooling is high,
bainite would form starting from the austenite boundary.
Since the undercooling is large, this ferrite would take
on a Widmanstatten morphology. As the ferrite lath
thickens, the carbon content of the adjacent austenite
increases and finally reaches a level where cementite
nucleates and grows. This upper bainite is seen in the
Gleeble specimen 15-MR11092. There is very little
allotriomorphic ferrite and there are few inclusion/
matrix interfaces so bainite is nucleated at the

austenite boundaries.,
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NRC-12 has more inclusion matrix interfaces in
combination with high angle grain boundaries than does
NRC-15. It is beyond the scope of this research to
quantify the amount of nucleation sites, but, as seen by
the micrographs of Figure 49, NRC-12 has more high energy
nucleation sites than NRC-15.

The type of inclusions as shown by the scanning
electron microscope are MnSiO, Al;03 and MnS. The oxygen
contents of the steels gquoted in Table IV incorporate
interstially dissolved oxygen as well as oxide inclusions.
The varying oxygen contents of the steels used were
controlled in two ways: with a carbon monoxide boil, and
by Aluminum additions prior to pouring the molds. The
Rl,03 oxide was the product of deoxidation prior to final
tapping. The amount of Al;03 was controlled by pouring
intervals. 1In the high oxygen steels; (i.e., high
Al703), the ladle was tapped to the molds thirty seconds
after the aluminum addition. Al303 had no time to float
into the slag and be removed, and thus became trapped in
the steel. 1In the low oxygen steels, the ladle was
tapped into the molds two minutes after the aluminum

addition allowing Al;03 to float and be removed. The
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MnSi0; oxide inclusion is also effective in controlling
dissolved oxygen through manganese and silicon additions
as shown in the introduction. This inclusion type was
controlled through alloy additions as previously
described. The MnS inclusion is the product of manganese
reacting with sulfur. This is desirable because sulfur
in the absence of manganese forms an iron sulfide
eutectic which causes hot shortness in steels; however,
sulfur is best avoided due to its poor corrosion
properties and its detriment to impact properties.

The three inclusion types present all have an effect
on the austenite decomposition products and austenite
grain growth kinetics. Only when peak temperatures
exceed 1100°C do these inclusions play a role in
austenite decomposition. The inclusion/matrix interface,
which provides the best nucleation site for higher order
transformation products (ferrite/pearlite) was not
investigated and this may be the subject of future work.

The process parameters; alloy chemistry,
cleanliness, initial solidification orocessing, as well
as heat treating, and welding must be controlled in order
to predict container microstructure. Since

microstructure is the key to this performance, the chosen
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manufacturing process must control the above variables to
insure that the overpack container will meet its design
life criteria. With the production process variables
discussed in this study, steel can be produced to a
predicted microstructure. Further study should utilize
the production processes and evaluate which
microstructure through the fabrication of mechanical or
corrosion test specimens will be susceptible to failure

during the service life of the overpack container.
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4.0 CONCLUSIONS

1. Centrifugal casting is the most economical
process for the production of carbon steel
overpack containers for high level nuclear waste

disposal.

2. The thermal experience of the heat affected zone
"for a specific submerged arc welding process can
be measured using a Nicolet 4094 digital

recording oscilloscope.

3. Rosenthals three dimensional heat transport
equation, incorporating alterations in thermal
conductivity, can be used to describe the heat
affected zone thermal experience of a specific
submerged arc welding process on cast and

normalized low carbon steel,

4. Chemical composition and alloy cleanliness
control the microstructure, by altering austenite
decomposition nuclei in the heat affected zone of

steel within the ASTM A~-216 grade WCA
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specification when peak temperatures exceed
1100°C, but show no significant influence when

peak temperatures are below 1100°C.

Chemical composition and alloy cleanliness
variations on steels within the ASTM A-216 grade
WCA specification show no influence on
microstructure in the as-cast condition, and in

the normalized condition.

The Gleeble 1500 weld simulator can duplicate the
microstructure of specific regions in the heat
affected zone of submerged arc welded, cast and

normalized low carbon steels.
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APPENDIX A

asalt. Curzent design concepts for the BWIP waste package are
accurately reflected in 8D-BWI-CDR-004 REV o-o"’ accoréing to
M.J. Snith, Rockwell Handford Operations Waste Package Department.
That document describes & reference vaste package design and 2
alternate designs for each wvaste form. The Reference Decign calls
for a catbon steel overpack éirectly over the waste canister for
DHLW and CHLW and of dicect placement of $F2 into the overpack.
Dimensions of the wvaste forme and overpack for the Reference Design
are given below:

Waste Form Dimensjons . pHL® SF2 CHLW
Diameter, cm 61.0° 30.5 32.5%
Length, cm 300 3es 305
Weight, kg . 19232 - 1908 845
Waste Content per Package, kg 1470 1380 $65
verpack nsiong

Inside Diameter, cn 63.% 0.5 3s
#all Thickness, cm e.7 .6 5.3
Outside Diameter, cx 80.9% 41.7 £5.6€
Head Thickness. cr 15.0 €.5 8.6
Length, ¢m N 40$ 328
Empty Weight. tonne 5.90 2.19% 1.84
Loaded Weight, tonne 7.8 4.17 2.68

The Alternate 1 waste package design incorporates backfill between
the vaste form and overpack. Waste form, backfill and overpack
dimensions for Rlternate 1 are given below:

ag n Dimen 3 ngu sF2 CHLW
Canister Diameter, ex . 1.0 32.4 32.¢
Canister Length, enm 300 T 417 30%

Weight, kg 1932 2210 840
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Backfj}] Dimensions

Inside Diameter, o
Outside Diameter, cn
VWeight, kg

Qvgggagk aneﬂtigﬂ!

Insiée Diameter, c&
W2ll Thicknesg, cn
Outside Diameter, cm
Head Thickness, cm
Length, cm

Empty Weight, tonne
Loaded Weight, tonne

64
94
2250

9€.5
12.¢
121.3
22.3
382
15.2
18.7

3¢
€6
20€S

€8.6
$.9
86.4
16.7
488
10.2
1c.0

162

3¢
66
1580

€E.€
6.9
86.4
15.7
369
7.1
$.6

The Alternate 11 waste package design s a2 celf-shielded package

with the following features:

> El!!! :g:E [ga;u;e:

Number of Waste Forms

Waste Form Diameter, cm

Waste Form Length, ce

Waste Form Weight, kg

Waste Content per Package. kg

v ack aty
Cross Section Ceometry
1nside Dimencions (s)., cm

Outside Dimensions (s), cx
Length, cnm

PHL®
Rectangle
€3.5 x 129

129.5 x 192
3e3

stz CHLW
4 3
21.%5 Sq. 32.%
410 305
8100 2535
Jéee 1785
§F2 CHLW
squatce Triangle
48 70
128 1¢¢
811 400
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APPENDIX B

Riser Calculation for Cylindrical Overpack Container.

Assumption:
1) . No heat is extracted through the central core.
2) Neglect the riser/casting interface for modulus
calculations.

3) Assume dimensions shown in Appendix A and diagram
in Figure 1. .

4) The riser will be open to the air and placed as
schematically shown in Figure 1.
List of Variables:

Me = Modulus of the casting (cm)

Ve = Volume of casting (cm3)

Ac = Area of casting (cm?)

Dijc = Inside diameter of casting (cm)
Doc = Outside diameter of casting (cm)
MR = Modulus of riser (cm)

VR = Volume of riser (qm3)

AR = Area of riser (cm?2)

DRri = Inside diameter of riser (cm)
Dro = Outside diameter of riser (cm)
Le = Length of casting (cm)

Lr = Length of riser (cm)

Calculation:
MC = VC/AC
Ve = n(Doe/2)2 Lg = m(Djc/2)2 Lg

The length of the casting used in these calculations should
be 363 cm to allow for riser and gate removal.

Ve = [(80.9/2)2 ~ (63.5/2)2) 363r = 716330 cm3
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Ac = n(Dgc/2) 2 -4 (Dic/2) 2 4 (Do) (Le)
v[(80.9)/2)2 - (63.5/2)2 + (80.9) (363)] = 94232 cm?

y
Q
f

Mc = Vo/Ac = 7.60 cm

MR = 1.2 Mo = 9.12

VR = [(Dro/2)2 Lg - (Dgj/2)2 Lyl

AR = 2n[(DRo/2)2 - (DRi/2)2] = w[(Dge/2)2 = (Djc)?2]
+ "Dro LRro

Let the height of riser, Lr equal Dpg,.

VR = 7[DRro?/4 Dro = Dri?/4 Dgol

AR = 7(3/2 Dpo2 - 1/2 Dg;2 - 628)

Mr = VR/AR

Mg = [Dro3 - DRrj? DRo]
6DRo? - 2DR;2 - 2513

Solving iteratively and letting Drj = Dje:

This is difficult to mold and feeding is poor with the riser
offset. It should appear in the middle of the section to

be fed as shown in Figure 1. More selective iterations of
the equation for MR yields the following results:

Riser dimensions  Dgg(cm) Dgrj (cm) Lgr(cm)
85 59.5 85
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APPENDIX C

COLORADO SCHOOL OF MINES
Department of Metallurgical Engineering

nT 300 FOUNDRY METALLURGY Dr. Frost

7 HAR A ATJON F T MAK IN

This calculation Is an Itterative method of determining the

charge welghts of melt stock, plg (ron, and ferro alloys to glve
a specific steel composition. The charge calculation sheet
provides for two Itterations which will give sufficlent sccuracy
for most stee! charge calculations. The calculation sheet also

L provides & vehicle for record keeping. Space (s provided &t the

~ " top of the sheet for recording the chemical analysis of all
charge components, and the overall sheet format provides & good
record of the charge calculation. Any cslculations such 8s the
solution of the simultanesus equations for the carbon balance
should be performed cn the reverse side of the sheet, so that
they will be fncluced {n the record.

In some cases one or more of the charge components will
contain large emounts of a8 secondary element. That (s, &n
element which the particular alloy was not intended to provide.
for example, ferromanganese usually containg carbon es &
seconcary element. [n such cases the two ftterations provided on

. the sheet may not glive sufficient accuracy, enc three or more
successive spproximations may be required. These can be easily
performed using adcitional charge calculation sheets as describecd
in Part € delow. .

A. Charge Reguirements:

Determination of the charge recuirement includes conversion
of the Cesired chemistry to weights of the varicus elements
in the alloy, and accounting for elements contained in the
scrap and expected losses curing melting.

1. Enter the anslyses of the various charge components st the
top of the sheet.

2. Enter the tota) charge weight (1ine 1), the desirec alloy
anelysis (line 2), and the expected losses during melting
{line 3). The expected losses are based on experience or
on prlor heat recorcs.

3. Acd the expected losses to the desired snalysis to
calculate the charge asnalysis (lfne 4).

4, Multiply the charge enalyslis for each element (declimal
fracticn) by the totel charge welight to determine the
charge weight for each element (l1ine S). NOTE: The
chemical enalyses areé listed In weight %' for convenlence,
but Cecimal fractions should be used for sll catculations.
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S. Enter the scrap welght (1ine €), and determine the weights
of the alloy elements containecd In the screp (line 7).

€. Subtract the welghts of the elements In the scrap (line 7)
from the charge weights (line S) to determine the
calculated charge welghts of the elements (line 8). The
*Cslculated Charge Welights of the £lements™ line
represents the welights of the elements that must come from

. the tlar stock, the plig fron, or from the ferro alloys.

ir roximation to the rges:

The flirst spproximation to the charge {s macde by assuming
that 1007 of each alloy element will be provided by its

respective ferro slloy, and by using & carbon balance to
determine the relative welights of bar stock and pig fron.

7. Divice the charge welght of each element except carbon
(1ine 8) by its ferro allecy purity to cetermine the
fnftial estimate of the ferro &lloy charge weights., Enter
the ferrco alloy weights In Column Il. (The &ltoy purities
come from the table at the top of the page. Use decimal
fractions for the calculations.)

8. Total the welights of the ferro alloys (1ine 20), ancd enter
this total In the blank space "Calc. Alloy” in the
calculation at the bottom right hand corner of the page.

9. The calculation at the bottom of the page s & carbon
balance to determine the firgt estimate of the welights of
pig iron ancd bar stock to provide the right carbon
analysis for the alloy. First, the combined welight of pig
fron plus bar stock (W) (s caiculated by subtracting the
welights of screp and ferro alloys from the tatsl charge
weight. The weight of bar stock (X) and the welight of plg
iron (Y) are then calculated using & carbon balance.

Sclve the simulitaneous equations and enter the weights of
pig fron anc bar stock In the spaces provided st the
bottom anc at the top of Column §l. Use the reverse sice
of the sheet for calculations., Column |1 represents the
first approximation to the charge weights.

Caleulation g'f the Final Charge:

The final charge In Column | (s & reflnement of the
approximate charge In Column [1. It s designed to account
for the fact that many elements occur In several of the
charge alloys. For instance, carbon occurrs In the bar
stock, pig lron, ferro manganese, and in the ferro chromium,
The first approximatiocn was based on the assumption that 1002
of each element would be provided from its ferro slloy. The
amount of the element present (n other charge components
would, therefore, represent an excess or covercharge. The
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total amount of each element from all sources is determined
using the table to the right of Column 1. The residual or
excess smount of each element or egufvalent amount of ferro
alloy sre calculateg on lines 21 asncd 22. These values are
used to correct the first approximation charges in Column 11
to glve the Final charge weights In Column |,

10. Use the charge weights In Column 11 end the &tloy
chemistries at the top of the page to calculate the
welights of the elements present in each alloy, anc fill n
the teble to the right of Column 11. The enclosed boxes
represent the welight of each element present in Its own
ferro alloy.

11. Determine the excess or resicdual smount of each alloy.
¢ Total the weights present in the table for each element
(1ine 20 at the bottom of the table). and subtract the
réquired charge weight (1ine 8) to give the reslicdual
amount of each element (line 21). .

12. Convert the resicual element weights tc eguivalent €ferro
alloy weights. Divicde the resfdual element weight
(1ine 21) by the purity (cdecimal fraction of the element
contalined) of the respective ferro allioy at the top of the
page, and enter the excess ferro alloy weight on 1ine 22.

13. Correct the charge welghts in Column [1 by subtracting the
excess ferro alloy welights (line 22), anc enter the final
charge weights tn Colunmn [. AdJust the weight of the plg
fron In the same manner to account for excess carbon that
occurs In ferro slloys such as FeMn.

14. Total the excess ferrc alloy weight (1ine 22), end enter
the total! on line 23. This is equal to the total weight
of adjustments made to the ferro alloys anc the plig Iron.
Acd this total excess ferro alloy weight to the weight of
the bar stock In Column 1], and enter the final charge
weight of bar stock in Column |.

1S. Enter the screp welight (1tne 6) on line 9 of Column I,
16. Total the final charge weights {n Column | and enter on

line 15. This should equal the total charge welght callec
for on line 1. :
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heeckin he Accur. f _the leuls harge:

The accuracy of the final charge in Column | may be
checked using 8 second charge calculation sheet. Enter the
fina) charge weights from Column | of the first sheet In
Columnn 11 of the second sheet. HNultiply the charge welghts
by the respective snalyses ang fFill (n the table with the
weights of every element contalned In esch of the cherge
components. The total charge weight of each element shoulg
equal or be close to the reguired charge welight on 1ine 8 of
the first sheet. If the charge welghts are not sufficliently
accursce, then a third {tteration may be necessary (see E
below).

fe rati Refine the Char lculation:

A third refinement of the charge calculetion (s sometimes
recuired where large amounts of secondary elements are
present In one or more of the charge components. The third
refinement is mace using a second charge calculation sheet.

1. Copy the calculsted charge welights of the elements from
iine 8 on the first sheet to line 8 on the second sheet.

2. Copy the charge from Column | of the firgt sheet to
Column=1] of the seconcd sheet, end calculate the welights
of the elements present in the varicus charge components
to fill .out the tadble tc the right of Column Il &s
described (n Part D above.

3. Tota! the charge weights for esch element in the table and
place the totais on line 20.

4. Subtract the calculated charge weights on 1ine 8 from the
total charge weights on line 20. anc place the result on
ffne 21. A positive value on line 21 indicates an
overcharge, and a negative value incicetes an undercharge.

S. Convert the element weights on line 21 to egquivalent ferro
alloy weights by dividing by the decimal purfity of the
ferrc slloy., and plece the result on line 22. Correct for
undercharges or overcharges by adding or subtrscting the
ferro alloy wveights on line 22 from the charge wefights n
Cotumn 11, and place the final charge weights In Column I.

€. Add the ferro alloy corrections on line 22 (sccounting for
the signs), and enter the total on line 23. If the sign
on the total {s (¢+) more corrections were made for
overcharging than for undercharging, and the total on line
23 shoulc be acdcded to the bar stock welight. [f the sign
is (=) more corrections were made for uncercharging, snd
the total should be subracted from the bar stock welght.
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CHEMICAL ANALYSIS_ c

Mn Si Cr Mo Ni

BAR STOCK ANALYS1S (U)_

PIG IRON ANALYSIS (%)_

FeMn (%)

FeSi (t)_

FeCr (%) _

FeMo (%) _

Bi (8]

1 TOTAL CHARGE Wt. C

DESIRED ANALYSIS (U)_

EXPECTED LOSSES (%) _

CHARGE ANALYSIS (8)_

CHARGE Wt. ELEMENTS _

SCRAP Wt.

ELEMENTS IN SCRAP

ELEMENTS CALCULATED

(1) _ (11)

CHARGE — | CALC. -
WEIGET ALLOY | FERRO
{Xg) ALLOY

“SCRAF ) WEIGHT

(Kg)

BAR X=

PIG Y=

FeMn

FeSi

FeCr

FeMo

Ni

TOTAL

RESIDUAL ELEM. IN ALLOYS

ELEM. CONV. TO FERROALLOY

TOTAL EXCESS FERROALLOY

ADD TO Wt. OF BAR STOCK

=

Carbon
HEAT No. l!-
ALLOY Balance] ¢,

MELTER W=
DATE

wt. of bar stock
Wt. of pig iron
Calc. wt. of czrbon
{1} - (2) - {(19)
total wt. scrap calc. alloy

X+Y=W X=
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APPINDIX 8 = QAD-CSM-] - STECLMAKING MLLT LOG
Heat Number Date
Alloy Type - Melter
Melt Log Time | Temp Comments Chsrge Lot Welght
%] Power On  Bar
 Screp
eig
Fggrbon
Fetn
. FeSt
feCr
Feho
Ni
Al
Element ired {Charce
. C
[41s]
. St
cr
~ ne
Ni
Al
Elem| Chem | Charge | Loss
C
i <]
St
Cr
| Mo
N
Al
| Heat Size Remarks:
| _Total Molos
| Total Castings
| Lacle
Mot Tep
_furnace Number
 Lining Type
|_Number of Heats
| Congition
_Other
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APPENDIX D .

10 C;S 8 LOCATE 9,13 ¢ PRINT “THIS IS TCONV.BAS A TEMFERATURE CONVERSION FROGRAM

12 LOCATE 15,223 PRINT * DO YOU NEED INSTRUCTIONS (Y/N)?* : GOSUEB I13€
14 IF As =*Y* OR AS ="y" THEN GOSUE 144
1& LOCATE 1,1,0 :
- 18 KEY OFF 31 OPTION BASE 1 tDEFINT A-2 t DEFSNG N: DEFDEL A, T
g 20 DIM N(11),D(7940) FPD(792)
22 REM
248 CLS 3 LOCATE 11,28 3 PRINT "CHOOSE THERMAL COUFLE TYPE*
286 PRINY TAE(3T) *<1> TYPE R"IFRINT TAR(23S) *<2> TYFE K
22 PRINT TAE(3S) "<&> TYFE T"tPRINT TABR(3IT) *“<4> TYFE E"
30 PRINT TAE(3ITS) *"CS> TYPE J"IFRINT TAE(3D) "<&d> TYFE &*
322 FRINT TRE(3S) *“<7> TYPE C*
34 LOCATE 25,2€ 1 PRINT “PRESS THE APPROFRIATE NUMEER®
346 GOSUE 132 ¢ CLES t LOCATE 12,30 1 PRINT "INTIALIZING®
38 IF VAL(AT) {1 OR VAL(AS)>7 THEN 24
40 FOR K = 1 TO VAL(AS) 1 READ AV,Al,AZ,A3, AL, AS, AL, A7, AS, ATINEXT K
/2 REM
&8 CLS & LOCATE 12,1 & FRINT "WHICH DISK WILL THE DATA FILES BE READ OFF OF?"
446 GOSUE 138 t DRe=AsS
48 CLS $ LOCATE 12,1 &t FRINT "WHICH DISK WILL THE DATA FILES BE STORED ON?”~
S0 GOSUB 135 1 DSt=At
o S2 LLS &t LOCATE 12,1 3 FRINT“WAS THE ISOLATION AMPLIFIER USED (Y/N)7?*
$4 GNSUE 135 3 IF As=“N" OR At="n" THEN AMF = 1! 3 GOTO $&
6 LOCATE 13,1 SINFPUT “enter the iso-amp constant“:AMP .
&% °CLS ¢t FILES DRS+":e NOR™
&0 PRINT CHRS(13)“THESE ARE THE FILES AVAILAFLE TO WORK WITH"CHRS(13ICHRE(13)
&2 INFUT "ENTER THE FILE TO EE CONVERTEL <EXLUDE EXTENSION!D>“:F$
&4 REM
. &é CLS 3 LOCATE 12,30 3 PRINT "LOADING “3Fse
&8 BLOAD DRs$+"t"+Fg+" NOR” VARFTR(N(1))
70 BLOAD DRs+“"3"+Fs+" DAT" VARPTR(D(1))
72 REM
74 CLE 3 LOCATE 12,29 & FRINT “ELIMINATING FOINTS"
76 l==%
7€ FOR J = 1 TO 793 ¢ 1 = 1410 8 PD(J) = D(I): NEXT J
80 ERASE D t DIM T(79%3)
€2 KEM
684 CLS 3 LOCATE 12,26 t PRINT “CALCULATING TEMFPERATURES"
84 FOR v = 1 TO 793
€8 TtJ) = ( PD(J) = N(7) ) & N(SH/AMF
%0 TiJ) = AO+ALIETIJI+A28TIJ)I*2+¢A34T (V) 3+88eT (NI 4+ASETLU)I "S+ALET(JINE
SA7ET(JI T+AERT(J) E+APET(II"®

< NEXT J
¢4 REM
$¢ CLS 3 LOCATE 11,161 PRINT *"SAVING TEMFERATURE FILE “iFs;*.THMF ON DISK "i[Ss
93 KSAVE DSs+ s "+FCe” TR VARFPTR(T(1)),463464
100 CLS &t LOCATE S,1 t PRINT * DISK "gDRs;* FILES:™
3102 FILES DRg«"1& NGR"

102 FPRINT :PRINT® "CHR$(13)
10& FRINT = DISK “sDSe;™ FILES:™
108 FILES DSE+™ts,TMP
110 REM
112 LOCATE 2%,25 ¢t PRINT "OUTFUTING TEMFERATURES TO PRINTER®
114 LPRINT CHR$(10) * TEMPERATURES IN CELSIUS FOR ";Fs CHR$(10),CHRs(10Q)
116 FOR v = 1 TO 75
116 LPRINT USING "H808G0, 4" T(J),T(J+7S) , T(JI+150) , T(U+225) ,T(I+300),
T T(J+375), T(J+450) , T(J+S25), T(J+600) , T(JI+673)
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120 NEXT J

122 LPRINT * -

124 FOR J = 730 T0 771

126 LPRINT USING “s#sakus.8"3T(J) , T(J+21)

128 NEXT J

130 LOCATE 25,25 & PRINT "ANY MORE FILES YO EE CONVERTED?(Y/N)*

132 GOSUE 132 & IF AS ="N" OR AS =*n" THEN STOF

134 CLEAR ¢ RESTORE
13¢ GOTO 146

138 REM
140 As = INKEYS t IF As = "™ THEN 140
142 RETURN

144 REM
146 CLS 3 LOCATE €,1

148 PRINT "This program is used for converting retrieved Nicolet data into terpe
ratures.”

150 PRINT "You should have files on a disk which where created by the RETREIVE.B
as- )

152 FRINT "program. Insert this disk in one drive. Insert another formated dis’

k in® . :
154 PRINT "the other drive for the temperature files to be stored on. This prog
ram”

154 PRINT "assumes you have used & thermal couple and an isolation amplifier, €
© you” : '
15€ PRINT “must know the thermal couple type and the amplifier constant to use ¢
his program.®

160 LOCATE 25,30 ¢t FRINT "FPRESS ANY KEY"

162 A% = INKEYS 3 JF AS = ** THEN 162

1£4 RETURN ]

1465 REM asscsssccssanaae THERMAL COUFPLE DATA S ittt ct sttt dattadsstasssaaees
166 REM ssssesxase TYPE R DATA

168 DATA .263632917,17907%5.491,~48640341,37,1.90002D10,-4,E2704D12,7.6209D14, -7.
20026D1¢,3.7149¢6D18, -8.03104019 0.0

‘170 REM sxssxanss TYPE K DATA

172 DATA .226TE44602,248152.109,67233.48248,2210340,46€2, -8609639!4 9,4.83504D10,~1,
184352012, 1.3249D13, -6.33708D13,0.0

174 REM sexcaassss TYPE T DATA

176 DATA .10063460910,25727.94349,-746734S. 8295 T7E02T595. 81, ~92474E465E87, 6. 976E2D11,

~2.864192D13,3.94076014,0.0,0.0

178 REM ssscssscss TVPE E DATA

180 DATA ,10496724&,17169,4%262, =~28243%,.08%, 128695339.5, ~448703084. 6,1. 10864010, ~
1.7&6807E11,1. 7184201 =¥ 1927€012,2.0461320M3

1€2 REM ssssssasas TVPE J DATA

184 DATA =, 04E8682T2, 19873, 14503, -2184614,.5353,115469199.76,-264917531.4,201€44131

4,,0.0,0,0,0.0,0,0

186 REH ssscsccsessn TYPE S DATA

123 DATA 927763167, 169526.515, -2154683463, 94, 69507304643, -1.463565D12,1.€6027D148, -l
« 372410164, 6.I7eﬁlbl7 «1.96105M1% 1. 69‘3’520

1% RIFM essssescae TVF-F < hata

-



