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ABSTRACT
Three continuously cast billets were characterized in 

terms of their as-cast microstructural and macrostructural 
features. Secondary dendrite arm spacings were measured as 
a function of distance from the chill, and macrosegregation 
was characterized as a function of distance from the chill. 
The structural and chemical data were used to develop a 
functional solidification model that allowed casting 
defects such as halfway cracks and macrosegregation to be 
predicted from the solidification conditions within a 
specific region of the continuous caster. Halfway cracks 
were found to coincide with changes in mushy zone thickness 
caused by a decrease in the rate of external heat removal. 
Changes in the velocity of the liquidus isotherms resulted 
in banding type macrosegregation.

Specimens from three discrete solidification zones, 
fully columnar, columnar impingement and equiaxed, were 
sectioned from the as-cast billets and hot-rolled to 
examine the effects of hot reduction on the as-cast 
structure and the axial fatigue properties. The columnar 
impingement region was defined as the region at the corners 
of the billet where the columnar grains intersect at 90 
degrees. This region was found to be susceptible to 
solidification voids.
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Samples from each of the three regions were hot-rolled 
to reduction ratios between 2:1 and 7:1 reduction of area. 
Additional samples of the entire billet cross-section were 
rolled to reduction ratios of 4:1 to 36:1. The rolled 
samples were quenched and tempered to a hardness of 32 HRc 
and were subjected to fully-reversed (R = -1) axial fatigue 
testing to fracture at a maximum stress of 655 MPa (95.0 
ksi). Fractured samples were characterized in terms of the 
rolled and heat treated microstructures, the fracture 
surface, non-metallic inclusions, and the response to 
ultrasonic imaging.

Fatigue specimens that exhibited low fatigue 
resistance were found to have multiple, surface initiation 
sites caused by a poor sample surface finish. Variations 
in fatigue properties were found between the fully 
columnar, columnar impingement, and equiaxed regions, as 
well as variations along the length of the billet. Some 
samples failed due to internal solidification voids even 
after reduction ratios as high as 5:1. An increase in 
fatigue resistance with increasing reduction ratio was 
identified, however, a minimum reduction ratio could not be 
defined.

iv
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1.0 INTRODUCTION
1.1 History and Purpose

In 1860 Sir Henry Bessemer conceived the idea of 
casting molten steel into the opening between two closely 
spaced horizontal rolls to produce a continuous strand of 
material (1). He immediately recognized the significance 
of this continuous casting process for the production of 
metals. The potential economic benefits of casting shapes 
equivalent to semi-finished shapes, thus eliminating ingot 
and primary-mill stages of rolled steel production, spurred 
a long series of attempts to produce continuously cast 
billets, blooms, slabs, and strip.

Early attempts to produce continuously cast steels 
were unsuccessful due to technical and material limitations 
of the period. The high melting point, high specific heat, 
and low thermal conductivity of steel made the problem 
especially difficult. Earlier successes with non-ferrous 
alloys, however, continued to fuel the search for a 
practical method to continuously cast steels. Bessemer's 
vision was fulfilled in 1930 when Siegfried Junghans added 
the oscillating mold concept to the existing concept of the 
open-bottom, water-cooled copper mold (2). This method of 
operation prevented the steel from sticking to the mold 
thus reducing disastrous liquid metal breakouts.
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This breakthrough led to the development of several 
small casters by 1950. These operations were based on 
crude heat-transfer and solidification calculations without 
an evaluation of the thermal stresses. Owing to these and 
other shortcomings no reliable commercial operations were 
known to exist at that time.

The next period saw major developments in continuous 
casting technology. In fact, three separate technologies 
were realized; minimill (billet) casters, high-tonnage slab 
casters, and high-tonnage bloom casters. These advances 
were achieved in parallel with advances in computer, 
instrumentation, and steelmaking technologies including the 
introduction of calcium deoxidation to produce a liquid 
deoxidation product that would not clog the tundish 
nozzles. All of these advances served to improve the 
quality and diversity of the steels produced today. 
Recently the technology of direct strip casting has been 
added to the list. These expanded technologies have 
allowed for:

1) expansion of steel grades and product range,
2) increases in caster productivity, and
3) improvements in the quality of the cast products. 

The ideal combination of these process improvements lead to 
a great acceptance of continuous casting technology and by
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1979 16.7% of all U.S. steel output was strand cast (3). 
By October of 1989 this figure had grown to 64% of total 
U.S. steel production (4).

The advantages of the continuous casting process, over 
traditional steel casting operations, include: 10-20 
percent higher yield, 60 percent less energy use, 56 
percent less plant area, lower capital investment, and 
lower operating costs (2). These advantages make 
continuous casting very desirable to the steel producer. 
Steel users, however, have expressed reservations regarding 
the application of strand cast steels for critical 
applications requiring high fatigue resistance. These 
applications include axles, springs, torsion bars, landing 
gear, etc. The reservations are based on observation of 
the defects inherent to the casting process that can lead 
to premature or catastrophic failure of the product during 
its service life. Defects are also produced by ingot 
casting methods ; however, the larger cross-section of the 
ingot allows for large subsequent hot-work reductions.

The hot-work processing step is known to heal defects 
and break up segregation along the columnar dendritic grain 
boundaries. Both ingot cast and continuously cast steels 
are hot-worked in an effort to produce a sound wrought 
structure with minimum porosity and casting defects. The 
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well established defect healing effects of large hot 
reductions have resulted in a choice between the high 
productivity offered by continuous casting and the superior 
properties resulting from the large hot reductions needed 
for teemed ingots. The need to define the necessary 
reduction to convert cast material to wrought product is of 
paramount concern. This transition depends on the 
particular as-cast structure as well as the type and extent 
of casting defects (5). The typically small cross section 
of continuously cast slabs and billets limits the total 
amount of hot-work required to produce the final product. 
This limited hot work has been blamed for inadequate 
mechanical properties in forgings and rolled products 
(6,7).

The two major processes employed to impart the hot- 
work to the cast steel are forging and rolling. The 
continuous geometry of strand cast billets, blooms, and 
strip are uniquely suited for production in a continuous 
hot-rolling facility. The economic benefits of such 
continuous processes are compelling.

Current trends in the steelmaking community are to 
continuously cast near-net-shape billets to reduce the 
amount of hot-rolling reduction necessary to produce the 
final product geometry. One example is the casting of a
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"dog-bone" cross-section billet to produce I-beam type 
structural sections. By casting closer to the finish size 
and geometry the amount of hot-rolling required to produce 
the final product is reduced. This use of near-net-shape 
casting coupled with continuous hot-rolling represents an 
efficient method for the continuous production of steel. 
However, a balance may exist between production cost 
efficiency and the quality of the steel produced. Steel 
users would like to enjoy the cost reductions associated 
with continuously cast steel, but they require evidence 
that quality has not been sacrificed for critical 
applications.

The objectives of this investigation were to 
characterize the as-cast and hot-worked structures of 
continuously cast steels, and to evaluate properties as a 
function of the hot reduction using axial fatigue testing. 
By combining structural characterization, ultrasonic 
characterization, fatigue property data, and fracture 
analysis a greater understanding of the variables that 
affect strand cast quality was accomplished. This more 
complete understanding of the effect of the continuous 
casting process variables on fatigue properties will aid 
steelmakers in the production of steels of improved quality 
while allowing users to set realistic guidelines for
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acceptance of strand cast products.
1.2 Continuous Casting

In modern continuous casting, molten steel is tapped 
from the ladle into the tundish and from the tundish 
through nozzles into several water cooled copper molds. 
The rate of flow through the nozzles is controlled by the 
liquid metal head in the tundish and the inside diameter of 
the nozzle. The steel enters the mold and heat is quickly 
transported through the copper and is carried away by the 
water flow, resulting in solidification of a thin skin of 
steel at the mold/steel interface. As the metal progresses 
through the mold this skin thickens until it is 
sufficiently thick to support the ferrostatic head of the 
liquid steel in the mold. After the metal exits the mold 
it enters the secondary cooling section of the caster, that 
consists of water sprays or water cooled graphite 
aftercoolers that continue to draw heat through the skin 
and aid the solidification process. Heat extraction 
continues until the strand is completely solidified. Next, 
the strand is sectioned into appropriate lengths and awaits 
secondary processing.

Continuous caster designs may be classified into two 
basic types : vertical and horizontal type casters. These 
designations refer to the orientation of the mold, but 
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other differences include the method of metal transfer from 
tundish to mold and the mechanical means for extracting the 
strand.

Figure 1.1 shows a schematic of a vertical mold 
caster. These casters can have either straight molds, 
where the strand must be bent and then restraightened once 
horizontal, or curved molds, where the strand must only be 
straightened. The molds oscillate vertically to prevent 
the liquid steel from bonding with the mold. The tensile 
strains associated with bending and straightening of the 
strand must be considered in order to prevent surface 
cracks that can lower the quality of the cast product. 
Vertical casters require high head clearances to provide a 
large radius of curvature to minimize the bending stress 
problems. The casting velocity is dictated by the rate of 
metal flow through the nozzle, and this is controlled by 
the ferrostatic head in the tundish and production rate 
required.

Figure 1.2 shows a schematic of a horizontal mold 
caster. Horizontal casters have straight molds that are 
coupled directly to the tundish. This configuration is 
beneficial since there is no air gap between tundish and 
mold where reoxidation can occur (8). This allows for the 
production of aluminum killed, fine grained steels with an
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Al wire feed into the tundish. The horizontal 
configuration does not require the high head clearance of 
the vertical casters that is an advantage when considering 
shop space requirements. There are, however, some 
drawbacks to the horizontal casters. First, a complex 
motor control system must be used to draw out the 
solidifying strand with an oscillating motion. This is 
necessary since the mold is fixed to the tundish and cannot 
be oscillated to prevent sticking at the mold/metal 
interface. Second, a break ring, typically made of silicon 
nitride, must be maintained in the mold to prevent sticking 
at the tundish entrance and provide a uniform 
solidification skin thickness within the mold.
1.3 Effects of Solidification Conditions

Both horizontal and vertical casters have improved 
quality and productivity through controlled solidification 
and improved mold design. Significant research has gone 
into solidification and mold design (8,9,10). 
Researchers have constructed mathematical models based on 
heat transfer and solidification shrinkage calculations 
that can predict the optimum shape of the continuous 
casting mold cavity (11,12,13,14). This information 
is used to construct precision mandrels that are used to 
explosively form the copper mold. The mandrel can be used 
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repeatedly to reshape used, distorted molds, thus 
increasing the molds useful life.

A characteristic solidification structure develops as 
the strand moves through the mold and subsequent cooling 
stages. This structure can be examined after 
solidification is complete by sectioning the solidified 
billet and etching with acid. The macrostructure of the 
billet consists of three solidification zones as 
illustrated schematically in Figure 1.3. These include a 
chill zone, at the billet surface, followed by a fully- 
columnar region and finally changing to an equiaxed 
structure at the center of the billet. In this 
investigation particular attention was directed to the 
region adjacent to the corners where the columnar grains 
intersect at 90°. This region has been defined as the 
columnar impingement region.

The transition from chill zone to a columnar zone, to 
an equiaxed solidification structure is a result of 
changing heat flow rates relative to the location within 
the strand. These changes in solidification mode are a 
result of changing thermal gradient conditions for heat 
flow through the solidifying strand (15). The extent of 
the three regions is influenced by superheat, stirring, 
heat extraction rate, carbon content, etc.



I
Figure 1.3 Schematic of the transverse section of a 150 x 
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billet. The three solidification regions 
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Solidification is dendritic within the chill, 
columnar, and equiaxed zones. This dendritic structure 
consists of solute lean dendritic cores surrounded by 
solute enriched interdendritic regions. The orientation of 
the dendrite cores is illustrated in Figure 1.4 for 
solidification from left to right. The primary dendrites 
grow parallel to the heat flow direction and the secondary 
arms are perpendicular to the thermal gradient. This 
structure can be explained by examining the equilibrium 
phase diagram for Fe-C as a function of temperature.

Examination of the Fe-C phase diagram shows that 
medium carbon steels solidify over a temperature range. The 
solute lean dendrite cores solidify at a higher temperature 
than the solute rich interdendritic liquid. This freezing 
range corresponds to a liquid/solid "mushy zone" in spatial 
coordinates in which dendrites are surrounded by 
interdendritic liquid. Thus, the dendritic arms grow into 
the melt rejecting solute to the interdendritic regions.

The solidification conditions influence the extent of 
the mushy zone. The degree of solute partitioning to the 
liquid, known as microsegregation, is determined by the 
Equilibrium Partition Ratio, that is the ratio of solid to 
liquid compositions at the solidification interface. These 
compositions are given by tie-lines across the two phase
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Figure 1.4 Schematic representation of solidification 
process illustrating the two phase liquid/solid 
mushy zone.
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regions on the equilibrium phase diagram. Most alloying 
elements in steel have partition ratios, k, of less than 
one. The extent of microsegregation is given as a function 
of the fraction liquid by the Scheil Equation or non
equilibrium lever rule (14):

where: CL = liquid composition
Co = initial alloy composition
fL = fraction liquid
k = equilibrium partition ratio 

This expression is derived from a solute balance for 
conditions of complete diffusion in the liquid state and no 
diffusion in the solid. The degree of microsegregation 
varies from one element to the next. Carbon, sulphur, 
phosphorus, and oxygen are particularly subject to 
segregation, while manganese partitions to a lesser extent. 

The carbon level in the steel has a significant impact 
on microsegregation because it controls location in the Fe- 
C phase diagram. For carbon contents less than 0.1% the 
liquid solidifies directly to S Fe. At carbon levels 
between 0.1% and 0.5% solidification will involve the 
peritectic reaction: 6 Fe + liquid -* 7 Fe. Finally, when 
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the carbon level is greater than 0.5% austenite (7) will 
form directly from the melt. For some alloying elements, 
the segregation ratios are different for <S ferrite than for 
austenite. Therefore, the resulting segregation pattern 
will depend, in part, on whether or not the peritectic is 
encountered.

Microsegregation controls the concentration of alloy 
elements in the interdendritic fluid, between dendrite 
arms, based on the particular segregation constants, the 
superheat, and the carbon concentration. Macrosegregation 
is segregation over large distances, across many dendrite 
arms, and is caused by the movement of the solute-enriched 
liquid or solute depleted liquid within interdendritic 
channels within the mushy zone. The size of the mushy zone 
during solidification is controlled by the solidification 
velocity, the thermal gradient, and the composition of the 
alloy (freezing range). Figure 1.5 illustrates the effects 
of thermal gradient (G) and freezing range (TL-TS) on the 
length of the mushy zone.

The freezing range is a function of the composition of 
the steel. Thus, only the thermal gradient and the 
solidification velocity are subject to variability during 
the solidification process. Figure 1.5 demonstrates that 
changes in the thermal gradient will alter the width of the
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Figure 1.5 Schematic representation of the effects of
' changes in thermal gradient on the width of the 

mushy zone.
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mushy zone. Since the mushy zone is defined as the region 
where solid and liquid coexist it can be represented by the 
distance between the solidus isotherm and the liquidus 
isotherm. If steady-state solidification conditions are 
maintained, ie. a constant thermal gradient is maintained, 
a constant distance will be maintained between the liquidus 
and solidus isotherms. The solidification will then move 
at a constant velocity and the mushy zone width will remain 
constant. However, if heat transfer conditions change 
during solidification the isotherms will be affected and 
the relative distance between isotherms will be altered.

In order to develop a model for banding type 
macrosegregation in continuously cast billets the case of 
unidirectional solidification with planer isotherms will be 
assumed. Under these conditions no macrosegregation will 
occur if the fluid flow velocity in the mushy zone (v) and 
the isotherm velocity (U) are such that (16):

v (1-2)
U 1-0

When this condition is met the fluid flow is in the 
opposite direction to the direction of isotherm movement, 
and is just enough to balance the solidification shrinkage. 
For a solidification shrinkage of 3%, for example, the 
fluid flow velocity should be equal to about 3% of the 
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isotherm velocity, and in the opposite direction to 
isotherm movement.

If fluid flow is opposite to the direction of isotherm 
movement, and is greater than that needed to feed 
solidification shrinkage, then negative macrosegregation 
will result because liquid with a lower average composition 
is being pulled down into the mushy zone.

v<--JLu (1.3)
1-p

If the fluid flow velocity is in the same direction as 
isotherm movement, then solute enriched interdendritic 
liquid will move forward in the mushy zone and positive 
macrosegregation will result.

v>--JLu (1.4)
1-p

Macrosegregation in the form of banding can also be 
caused by instabilities in isotherm movement during the 
solidification process. When isotherms move at constant 
velocities in the absence of thermal transients the average 
composition will be constant. Instabilities in isotherm 
movement can be caused by: changes in heat extraction with 
air gap formation in the mold or as the billet moves from 
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the mold to the cooling water sprays; changes in the 
superheat; magnetic stirring of the liquid metal pool in 
the center of the billet; other process transients.

An increase in the liquidus isotherm velocity 
increases the size of the mushy zone ahead of a particular 
location, and increases the solute content of the 
interdendritic fluid. This raises the overall solute 
content to cause positive macrosegregation. An increase in 
the liquidus isotherm velocity could be produced by a 
thermal instability such as the cessation of pouring or 
increased heat removal rate by spray cooling. A decrease 
in the size of the mushy zone causes a decrease in the 
average composition by reducing the extent of 
solidification ahead of the particular location and 
reducing the solute content in the interdendritic liquid. 
A decrease in the mushy zone width could be caused by 
stirring or turbulence in the molten pool that subjects the 
solidifying dendrites to superheated liquid. Information 
on solidification conditions can be obtained from the 
secondary dendrite arm spacing which increases with 
solidification time between the liquidus and solidus 
isotherms.

The secondary dendrite arm spacing (DAS) is a function 
of the cooling rate during solidification (€) (14):
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DAS = — (1.5)en

The cooling rate can be expressed as the product of the 
thermal gradient in the mushy zone and the solidification 
velocity:

€=GR (i•6)

where: G = thermal gradient (°C/cm)
R = solidification velocity (cm/sec)

The secondary dendrite arm spacing can also be expressed as 
a function of the local solidification time (tf) that is 
defined as the time between the start and end of 
solidification at any particular point. The local 
solidification time is equal to the solidification range 
between the liquidus and solidus temperatures (ATJ divided 
by the cooling rate:

This functional dependance is the result of a ripening 
process in that the smaller dendrite arms dissolve while 
the larger arms grow. This causes a gradual increase in 
the spacing between adjacent dendrite arms. Figure 1.6 
illustrates the secondary dendrite arms spacing for a 
variety of steels as a power function of the cooling rate
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in the mushy zone (17).
The progress of solidification can be represented by 

plotting the thickness solidified versus the time passed 
from the start of solidification at the chill surface. The 
simplest solidification model gives the solidified 
thickness as a function of the square root of the time 
elapsed. For continuously cast billets the thickness of 
the solidified shell (solidus isotherm) is given by (13):

Xs=2.82 (t) 1/2-0.762 (1.8)

Where :
Xs = solidified distance to the solidus isotherm (mm), 
t = time (sec).
Using this model the liquidus isotherm can be located 

in distance-time coordinates by subtracting the local 
solidification time (tf) from the time for passage of the 
solidus isotherm:

tL=t8"tf (1.9)

Where :
tL = time for the liquidus isotherm to reach a 
particular location (sec),
ts = time for the solidus isotherm to reach a 
particular location (sec).

This mathematical technique allows for the development of a 
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distance vs. time plot that graphically illustrates the 
conditions present during the solidification process. 
Furthermore, it is possible to superimpose the actual 
continuous caster components onto the distance vs. time 
plot to correlate the actual solidified thickness with the 
location in the caster. This is a valuable quality control 
tool for locating problematic sections in the continuous 
caster that lead to casting defects. The solidification 
model might also be applied as a continuous caster design 
tool where the problems associated with macrosegregation 
and cracking could be addressed during the engineering 
phase.
1.4 Fatigue Mechanisms

Fatigue fracture of materials is the result of 
accumulated damage resulting from fluctuating load 
conditions. The number of cycles necessary to cause 
failure in steel can be divided into two parts: 1) the 
cycles required to initiate a crack, and 2) the cycles 
required to propagate the crack to the point of failure.

Defects within the steel can have a significant impact 
on the fatigue life of the material. Internal porosity, 
inclusions, and microstructure all can affect the fatigue 
performance. The existence of porosity or inclusions will 
create a stress concentration at the defect effectively 
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increasing the local stress.
Fatigue fracture surfaces are characterized by 

striations perpendicular to the direction of crack 
propagation. These are often referred to as beach marks. 
The distance between beach marks and the number of marks 
can provide information regarding the loading history of 
the material. Examination of fatigue fracture surfaces may 
also reveal defects such as inclusions or porosity which 
may have contributed to fatigue failure.
1.5 Effects of Hot-reduction on Fatigue

The process of hot reduction in steels can have a 
marked impact on fatigue resistance. Since fatigue is a 
result of cyclic loading, the load level for each cycle is 
a significant factor. If the loading conditions and 
microstructure are the same for a variety of steel samples 
then any defects in the sample will control the fatigue 
properties.

The various defects associated with the continuous 
casting process including: segregation, inclusions and 
porosity. All of these can have an adverse effect on 
fatigue properties by acting as stress raisers to create a 
local stress higher than the applied stress and an increase 
in the amount of fatigue damage that occurs per cycle of 
applied load. The presence of defects can essentially 
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eliminate the cycles required for crack initiation and 
reduce the fatigue life significantly.

Casting related defects can be partially or wholly 
eliminated by hot-rolling. The high temperature plastic 
deformation associated with hot-rolling closes up porosity, 
welds internal cracks, and homogenizes the steel.

The extent to which hot-rolling can "heal” defects is 
a function of the hot reduction which is measured as the 
reduction of cross-sectional area. Thus the initial area 
divided by the final area defines the hot-rolled reduction 
ratio. The extent of the initial defects and segregation 
present in the steel will influence the reduction ratio 
required to produce a quality product.

Some of the defects in cast steels, especially 
macrosegregation and non-metallic inclusions, can not be 
eliminated by hot working. For example, the dendritic 
structure associated with solidification will still exist 
after a 50:1 reduction ratio (18). Therefore, it is 
necessary to define the acceptable level of defects that 
can be present in steels and achieve the desired fatigue 
properties. Ideally, the cast steel should contain minimum 
defects and subsequent hot work should minimize the 
influence of remaining defects on fatigue resistance. The 
extent to which defects are healed depends not only on hot 
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work reduction schedule but also on the initial defect size 
and distribution. Therefore many steel producers and users 
have incorporated non-destructive testing techniques, like 
ultrasonic testing, to evaluate the acceptability of the 
final product.
1.6 Ultrasonic Testing for Characterization

Ultrasonic testing can be an invaluable tool for 
characterization of the effectiveness of hot-rolling on the 
elimination of defects. C-scan techniques immerse the 
sample in an acoustic couplet and use reflected ultrasonic 
waves to map the internal soundness of the sample. Thus 
samples with various levels of hot reduction can be scanned 
to determine the effectiveness of hot reduction on defect 
levels. The results of the ultrasonic testing can also be 
compared with the results of the fatigue testing to 
determine the relationship between the defects and fatigue 
life.

The goal is to determine the minimum hot-rolled 
reduction necessary to effect the transition from an as- 
cast structure, which exhibits poor fatigue properties, to 
a wrought structure with satisfactory fatigue performance. 
If a minimum hot reduction cannot be defined it may be 
possible to establish ultrasonic testing criteria to 
determine the acceptability standards. Such "Ultrasonic
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Standards" would be specific to the process. This would 
include both the casting parameters such as: grade, caster 
type, mold configuration, method of stirring, etc. and the 
rolling parameters such as: roll diameter, rolling pass 
schedule, rolling temperature, etc.
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2.0 EXPERIMENTAL PROCEDURE
2.1 Material Studied

AISI 4140 steels were received from various suppliers 
incorporating different casting technologies. AISI 4140 
steel was selected because it is commonly produced by 
continuous casting methods and is manufactured by many 
different steel producers. This work follows previous work 
by Rittgers (19) who also studied AISI 4140 material and 
Dyck (20) who studied the effects of hot reduction ratio 
on the torsional fatigue properties of microalloyed AISI 
1045 steel. Both of these studies investigated the effects 
of hot reduction on torsional fatigue. In torsional 
fatigue only the surface of the test sample is subjected to 
the maximum stress thus surface defects would have the 
greatest effect. This investigation incorporated axial 
fatigue testing which subjects the entire cross section of 
the test material to the maximum stress.

Most of the work in this study is based on the billet 
cast in a Koppers three-strand, high head machine, with a 
three high pinch roll, a single spray zone and a flying 
torch cutoff. The billet had a cross section of 150 x 152 
mm (6x6 in) and was cast at a rate of 63 tons per hour 
(tph). This casting rate corresponds to a casting velocity 
of 29.7 mm/sec (70.2 in/min). No stirring was used during 
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production of this billet.
Two additional continuously cast 4140 billets have 

also been examined one was cast in a vertical caster and 
the second in a horizontal caster. Each has a nominal 
cross-section of 127 x 178 mm (5x7 in). The vertical 
billet was cast in a four strand Concast machine equipped 
with an electromagnetic stirring (EMS) device. The casting 
rate was 101 tph which corresponds to a billet velocity of 
36.0 mm/sec (85.0 in/min). The horizontal billet was cast 
without external stirring in a Steel Casting Engineering 
two strand horizontal caster at a rate of 38 tph. This 
corresponds to a billet velocity of 27.0 mm/sec (63.9 
in/min). All casting velocities are based on a density of 
7.84 g/cm3. Table 2.1 gives a summary of all the steel 
samples used in this study. The corresponding ladle 
chemistries for each billet are given in Table 2.2.
2.2 Casting Parameters

The Koppers three-strand vertical caster operated at 
uses a 762 mm (30 in) water-cooled copper mold that has an 
effective length of 610 mm with a 152 mm (6 in) tap 
allowance. After leaving the mold the strand passed 
through a 152 mm gap before it entered the spray chamber. 
The spray chamber is a 1.8 m (72 in) long box surrounding 
the billet which contains several water spray jets. After
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AISI 4140 Steels Received from Various
Suppliers and Included in the Study

Table 2.1

DIMENSIONS CASTER DESCRIPTION EMS

150 x 152 mm 
(6x6 inch)

Koppers three strand 
straight, vertical mold

NO

127 x 178 mm 
(5x7 inch)

Concast four strand 
curved, vertical mold

YES

127 x 178 mm 
(5x7 inch)

Steel Casting Eng. 
two strand horizontal mold

NO
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Table 2.2 Ladle Compositions of as Received 4140 Strand Cast Steel 
in Weight Percent

Billet C Mn P S Si eu Ni Cr Mo v Al Sn Nb

Vertical cast 
150 x 152 itm 
(6x6 in) 0.39 0.88 0.016 0.027 0.31 0.20 0.09 0.83 0.18 0.005 - 0.012 0.035
Unstirred

Vertical cast 
127 x 178 itm 
(5x7 in) 0.41 0.93 0.014 0.028 0.27 0.33 0.16 0.89 0.20 0.024 0.007 0.015 -
Stirred

Horizontal cast 
127 X 178 itm ■
(5x7 in) 0.39 0.75 0.011 0.020 0.21 0.24 0.12 0.92 0.19 0.031 0.022 0.011 -
Unstirred

LJ 
w



T-3962 33

exiting the spray chamber the billet entered the pinch 
rolls that gradually bent the billet to horizontal and 
completed the solidification process. Finally a flying 
torch was used to cut the billet into appropriate lengths 
for further processing.

The second of the three casters investigated is a 
Concast, four strand, curved mold, vertical caster equipped 
with electromagnetic stirring (EMS). The 813 mm (32 in) 
water cooled copper mold includes the electromagnetic 
stirring. The EMS was operated at 280 volts and a current 
of 230 amps. A 1.8 m (72 in) water spray chamber was 
located just below the mold. After complete solidification 
a torch cuts the billet to appropriate lengths.

The third caster investigated is a Steel Casting 
Engineering (SCE), two strand, horizontal caster. This 
caster employs a 102 mm (4 in) Amolloy chrome plated mold 
with a 305 mm (12 in) graphite mold extension. The mold is 
equipped with a silicon nitride break ring between the 
tundish and mold to provide a clean break as the billet is 
oscillated. Three graphite aftercoolers 660 mm (26 in) 
long surround each billet to aid heat extraction. After 
solidification is complete, the billets are sectioned to 
appropriate lengths for further processing.
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2.3 Characterization of As-Cast Structure
A macrostructural evaluation was made on each of the 

three billets included in the study. Sections were cut 
transverse to the casting direction. These 20 mm thick 
slabs were ground to 80 grit and etched with a hot, 
saturated solution of ammonium persulfate. The billet 
slices were continuously swabbed during the 2 minutes of 
etching to remove reaction products. The etched billet 
slices were spray coated with a clear acrylic coating to 
enhance contrast and preserve the surface prior to 
photographing. Macro photos were prepared and the 
macrostructural features were measured with a ruled scale. 
These features included: the chill zone, the columnar zone, 
and the equiaxed zone.

Additional transverse sections were employed to 
determine the extent of macrosegregation using an ARL 34000 
vacuum emission spectrometer. Emission spectrometer 
readings were taken at 5 mm increments across the 
transverse section with a program calibrated for low alloy 
steels. The resulting compositions, in weight percent, 
were divided by the average composition to calculate the 
segregation ratios as a function of distance from the 
chill.

The 150 x 152 mm (6x6 in) billet was further 
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sectioned to evaluate the macrostructure along the 
centerline. A 10 mm thick slice by 200 mm long 
longitudinal section was taken from the centerline of the 
billet. The slice was ground to 80 grit and etched with a 
hot, saturated ammonium persulfate solution to reveal the 
macrostructural features. The centerline porosity evident 
on the etched surface was characterized by measuring with a 
ruled scale.

To achieve a more complete characterization of the as- 
cast structure, the transverse sections were sectioned to 
obtain microstructural samples. These were ground through 
successive papers to a final 600 grit, and polished with 
1.0 gm alumina followed by 0.05 gm alumina to achieve the 
final metallurgical polish. These samples were etched with 
Stead's reagent to reveal the solidification 
microstructure.

The microstructure was evaluated by light microscopy 
and micrographs were taken of structure and defects. The 
defects included: segregation, porosity and cracking. The 
secondary dendrite arm spacing was measured at a 
magnification of 50X with an incremented eyepiece and a 
LEGO Image Analysis system. This data was plotted as a 
function of distance from the chill and it forms the basis 
for plots of solidification distance vs. time.



T-3962 36

2.4 Hot-Rolling Experiments
Each of the three as-cast billets was sectioned 

longitudinally to produce samples for hot rolling 
experiments conducted in a Fenn Rolling mill. Bars with 
dimensions of 32 x 32 x 245 mm (1-1/4 x 1-1/4 x 10 in) were 
chosen for the rolling experiments. This size was designed 
to yield 152 mm (6 in) long samples after hot-reductions of 
2:1, 3:1, 4:1, 5:1 and 6:1. The sample locations were 
selected to represent different regions of the as-cast 
structure. Three structural regions were identified: the 
equiaxed zone, the columnar zone, and the columnar 
impingement zone. Slightly different sampling schemes were 
selected for each of the three billets in order to provide 
appropriate structural representation. Each bar sawed from 
the as-cast billets was given an identification number and 
the specific sampling schemes for each of the billets are 
shown schematically in Figures 2.1, 2.2, and 2.3.

The rolling experiments were conducted with a Fenn 
laboratory rolling mill equipped with 133 mm (5-1/4 in) 
diameter V-notched bar rolls. The mill rolls were 
preheated to approximately 149°C (300°F) to reduce the 
cooling rate of the hot billets during the rolling process. 
An electric resistance furnace was used to preheat the 
billets to a temperature of 1190°C (2174 °F), well into the



Figure 2.1 Schematic of the transverse section of a 150 x
152 mm (6x6 in) vertically cast, unstirred 
billet. Areas sampled for hot-rolling 
experiments have been identified.
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Figure 2.2 Schematic of the transverse section of a 128 x 
178 mm (5 x 7 in) vertically cast, stirred 
billet. Areas sampled for hot-rolling 
experiments have been identified.
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Figure 2.3 Schematic of the transverse section of a 128 x 
178 mm (5x7 in) horizontally cast, unstirred 
billet. Areas sampled for hot-rolling 
experiments have been identified.
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austenite range for AISI 4140. At this temperature the 
steel deforms plastically under a stress of 103 MPa (15,000 
psi) (21). A soak time of 30 minutes preceded the first 
pass through the mill. Each pass represented a decrease of 
2.54 mm (0.1 in) in roll gap. Two passes were made at each 
roll gap setting with the billet rotated 90° between 
passes. Specimens 152 mm long were torch cut from the end 
of the bar at hot reductions of 2:1, 3:1, 4:1, 5:1 and 6:1. 
Each of the billets in the study was hot-rolled in the same 
manner.

The initial feed stock size limitations on the Fenn 
mill required additional hot-rolling be carried out on a 
section of the 150 x 152 mm (6x6 in) as-cast billet in an 
industrial sized rolling mill located at the Republic Steel 
Company. By rolling larger sections it was possible to 
produce samples with higher reduction ratios while 
maintaining an appropriate final size.

A 305 mm (12 in) length of the original as-cast billet 
was shipped to the Republic Steel Company for hot-rolling 
experiments. The processing schedule for the rolling at 
Republic are presented in Table 2.3. The largest reduction 
ratio was achieved by reducing the original as-cast cross
section of 150 x 152 mm (6x6 in) to a final round bar of 
diameter 28.7 mm (1-1/8 in). This yielded a reduction
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Table 2.3 Processing Schedule for 150 x 152 mm (6x6
in) Vertically Cast Billet Processed at 
Republic Steel Company

Start Size 
mm (inches)

Reheat 
Temp. 
(°F)

Reheat 
Time 
(Hrs:Min)

Finish Size 
mm (inches)

Reduction 
Ratio

149 x 152 
(5-7/8 X 6)

2150 1:35 127 X 127 
(5 X 5) —

127 X 127 
(5 x 5)

2150 0:25 98 X 98 
(3-7/8 X 3-7/8)

—

98 X 98 
(3-7/8 X 3-7/8)

2150 0:20 76 X 76 
(3 X 3)

3.9:1

76 X 76 
(3 X 3)

2100 0:30 58 X 58 
(2.3 X 2.3)

6.7:1

58 X 58 
(2.3 X 2.3)

2100 0:30 43 X 43 
(1.7 X 1.7)

12.2:1

43 X 43 
(1.7 X 1.7)

2100 0:25 33 X 33 
(1.3 X 1.3)

20.9:1

33 X 33 
(1.3 X 1.3)

2100 0:15 29 Round
1-1/8 Round

35.6:1
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ratio of 35.6:1. The samples rolled at Republic have 
higher reduction ratios and will be referred to as "high 
reduction" samples. The samples rolled at CSM will be 
referred to as "low reduction" samples. All of the "high 
reduction" as-rolled samples were examined by cutting a 10 
mm slice from the hot-rolled product transverse to the 
rolling direction. These were polished and etched with 
ammonium persulfate to reveal the macrostructure present. 
The widths of the columnar and equiaxed zones were measured 
using a ruled scale.

Samples for axial fatigue testing were selected from 
the "low reduction" vertically cast billet, the "low 
reduction" horizontally cast billet, and the "high 
reduction" vertically cast billet. A summary of the actual 
samples selected and their corresponding hot reduction 
ratios is presented in Table 2.4. Each sample was turned 
on a lathe to an approximate diameter of 14 mm (0.55 in) in 
order to provide similar through hardening during the heat 
treatment. The heat treatment consisted of austenitizing 
at 845°C (1550°F) for 1.5 hours followed by an oil quench to 
form martensite. The samples were tempered at 590°C 
(1100°F) to achieve a target hardness of HRc 32, machined 
to the final axial fatigue specimen profile.



Table 2.4 Summary of Reduction Ratios and Solidification H
Regions Fatigue Tested. 1

Billet Solidification 
Zone

Reduction Ratio Tested
As-Cast 2:1 3:1 4:1 5:1 6:1 7:1 21:1 36:1

Vertical Cast 
150 x 152 mm 
(6x6 in)

Fully Columnar - - X X X X X X • - — —
Columnar 

Impingement — — X X X X X X X X
Equiaxed “ - X X X X - - - - - - X

Vertical Cast 
127 x 178 mm 
(5x7 in)

Fully Columnar - - - - - - - - - - - - - - • - — —
Columnar 

Impingement — — - - — — - - — — - - — — — — — —
Equiaxed - - - - - - - - - - - - - - - - - *

Horizontal Cast 
127 x 178 mm 
(5x7 in)

Fully Columnar X X X X X X - - - - — —
Columnar 

Impingement X X X X X X ■ ■ — —1 — —
Equiaxed X X X X X X - - - - - -

3962

GJ
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2.5 Axial Fatigue Testing
Fatigue Specimens representing the various reduction 

ratios were tested to failure using a constant amplitude 
low-cycle fatigue test. Specimen machining and testing 
were carried out in accordance with ASTM E 606-80, entitled 
"Constant-Amplitude Low-Cycle Fatigue Testing". The final 
test specimen geometry was based on a sub-sized, uniform 
gage section sample with threaded grip sections. The gage 
section was 4.76 mm (3/16 in) and the grip diameter was 
9.52 mm (3/8 in). Figure 2.4 illustrates the final fatigue 
sample geometry used for these fatigue tests.

Fatigue testing was conducted on an MTS load frame 
with a 20 kip load cell. Test samples were loaded into a 
Woods metal alignable grip assembly to minimize bending 
effects. Fully reversed axial loading was carried out 
under load control with a stress ratio of R = -1. The 
maximum stress was limited to 655 MPa (95.0 ksi) and the 
samples were cycled until fracture was complete. This 
maximum stress level was approximately 68% of the tensile 
yield strength for the quenched and tempered AISI 4140 at a 
hardness of 32 HRc. The peak load was monitored throughout 
the test, and failure was identified as a 15% decrease in 
peak load level.

Three billets were included in this examination, but
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only the 150 x 152 mm (6x6 in) vertically cast billet 
and the 127 x 178 mm (5 x 7 in) horizontally cast billet 
were subjected to axial fatigue testing. Fatigue samples 
representing reduction ratios of 2:1, 3:1, 4:1, 5:1, and 
6:1, were tested for both billets. The samples were taken 
from three solidification zones (fully-columnar, columnar 
impingement, and equiaxed). Samples from the columnar 
impingement region of the "high reduction" billets were 
tested at reduction ratios of 21:1 and 36:1. Additional 
samples from the equiaxed region were tested at a reduction 
ratio of 36:1. As-cast samples from each of the three 
solidification zones were tested from the horizontally cast 
billet.
2.6 Characterization of Hot-Rolled and Fatigued Structures 

Following fatigue failure, the axial fatigue samples 
from the "low reduction" 150 x 152 mm (6x6 in) billet 
were sectioned for further characterization. Figure 2.5 
shows a schematic illustration of the sectioning procedure. 
The fracture surface was removed and examined in a Joel 
JXA-840 scanning electron microscope. The fracture 
surfaces were photographed, and fatigue initiation sites 
were investigated. Samples representing the fully columnar 
solidification zone were most thoroughly characterized. 
The number of initiation sites was counted on the fracture
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Figure 2.5 Schematic representation of the sectioning 
procedure for characterization of the failed 
fatigue samples taken from the 150 x 152 mm (6 
x 6 in) vertically cast, unstirred billet.
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surfaces of these fully columnar samples.
One of the grip portions of the fatigue sample was 

sectioned longitudinally to examine the microstructure 
present. The section was ground, metallographically 
polished, and examined. The section was first examined in 
the unetched condition by light microscopy to observe the 
nonmetallie inclusions present. The longitudinal section 
(parallel to the rolling direction) was used to quantify 
inclusion size and distribution. This data was related to 
the hot reduction ratio. This characterization work was 
carried out with a Leco 2000 Image Analysis system.

Next, the polished grip section was etched for 10 
minutes with a boiling, saturated picric acid solution, to 
reveal the dendritic structure. Photomicrographs of the 
microstructures were compared as functions of the hot 
reduction ratio.
2.7 Ultrasonic Testing

The remaining section of the grip was subjected to 
ultrasonic testing to quantify porosity and inclusion 
content. Ultrasonic testing involved only the samples from 
the "low reduction" vertically cast billet. The ultrasonic 
tests were conducted at the Timken Company by Mr. Doug 
Keener under the supervision of Dr. Rosendo Fuquen. 
Samples were prepared by grinding a longitudinal flat area
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on the threaded portion of the failed fatigue specimens 
parallel with the rolling direction. A 25 MHz center 
frequency was employed to inspect a 2.29 mm (0.09 in) deep 
volume at the center of the specimen. Data was collected 
at 0.127 mm (0.005 in) intervals covering the entire area 
of the specimens including the threads and center drill 
area. The test provides a color coded C-scan image and an 
indication of defects per unit volume rating for each 
specimen. After ultrasonic testing the samples were 
polished and viewed in an SEM to determine whether the 
indications resulted from inclusions or from porosity. 
Appendix A contains the report generated by the Timken 
Company to supplement this research project.
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3.0 RESULTS AND DISCUSSION
3.1 Characterization of As-Cast Structure

The results of the macroscopic evaluation showed that 
all three billets had a characteristic as-cast structure 
consisting of three distinct solidification zones. This 
structure included: a chill zone of small (< 0.1 mm) 
equiaxed grains at the billet surface, a columnar zone 
consisting of larger (> 1 mm) elongated grains oriented 
parallel to the direction of heat flow, and an equiaxed 
(center) zone with large grains approximately 1 mm in size. 
One difference observed in the stirred billet was that the 
columnar grains were not perpendicular to chill but were at 
an angle of approximately 10° from perpendicular. This 
angle is probably caused by electromagnetic stirring (EMS) 
which created a circular flow pattern within the molten 
core of the billet. The columnar grains orient themselves 
toward the oncoming fluid flow.

The sizes of the three solidification zones are listed 
in Table 3.1 for each of the billets studied. Note that 
the relative size of the equiaxed zone is greater for the 
127 x 178 mm (5x7 in) billet which was made using (EMS) 
stirring. The early transition to an equiaxed 
solidification structure is one the major benefits provided 
by EMS. Figures 3.1, 3.2, and 3.3 show macrographs of the



Table 3.1 Characterization of the As-Cast Macrostructural Features

Billet
Chill Zone 

Thickness (mm)
Longest Columnar 

Grain (mm)
Equiaxed 

Zone width (mm)
Equiaxed 

Zone Width (%)
Vertical cast 
150 x 152 mm 
(6x6 in) 
unstirred

5 45 36 34.2

Vertical cast 
127 x 178 mm 
(5x7 in) 
stirred

7 25 32 49.6

Horizontal cast 
127 x 178 mm 
(5x7 in) 
unstirred

6 45 13 20.5
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IS®1 il

Figure 3.1 Macroetched transverse section of a 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet.
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Figure 3.2 Macroetched transverse section of a 128 x 178 
mm (5x7 in) vertically cast, stirred billet.
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Figure 3.3 Macroetched transverse section of a 128 x 178 
mm (5x7 in) horizontally cast, unstirred 
billet.
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as-cast structures of the three billets included in the 
study.

Figure 3.3 is the macrograph of a billet slice from 
the 127 x 178 mm (5x7 in) horizontal caster. Analysis of 
the macrograph reveals that the equiaxed zone is different 
from those observed for either of the vertical casters. 
The equiaxed zone appears to have been formed in two stages 
which are not symmetric with respect to the billet 
centerline. This off-center region is probably caused by 
the horizontal configuration of the billet strand which 
allows segregates and porosity to float to the top of the 
molten pool where they become trapped upon complete 
solidification.

Macrostructural analysis of a longitudinal slice taken 
from the centerline of the 150 x 152 mm (6x6 in) billet 
showed that regions of porosity approximately 10 mm in 
diameter occurred in a pattern every 50 mm. This periodic 
porosity has been reported to occur when the columnar 
interface approaches the billet centerline and restricts 
the flow of liquid necessary to feed the solidification 
shrinkage (22). The columnar grains meet at regularly 
spaced intervals, approximately 50 - 100 mm resulting in 
"mini ingotism" (23). The corresponding ingot-like 
defects such as intense, local segregation and shrinkage 
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cavities, on the order of 10 mm in diameter, are a result. 
Microstructural evaluation of the cast structures has 

yielded considerable information. Observation of the 
vertically cast, unstirred billet revealed halfway cracks, 
as seen in Figure 3.4. Halfway or "midway" crack appear as 
dark lines running normal to the billet surface in a region 
roughly midway between the surface and the billet 
centerline (24) . Neither of the other billets exhibited 
halfway cracks.

Figure 3.4(a) is a light micrograph taken on a 
longitudinal section which is perpendicular to the 
solidification direction. In this micrograph the solute 
lean primary dendrite cores etched lighter than the solute 
enriched interdendritic region, the crack appears in the 
micrograph as a dark meandering line. Clearly the cracks 
propagate in a direction parallel to the primary dendrites 
through the interdendritic region. Figure 3.4(b) is 
another light micrograph of a longitudinal plane 
perpendicular to the solidification direction. This 
micrograph shows two parallel columnar grains with 
different axial orientations. In this case the crack can 
be seen to propagate between columnar grains. Thus, the 
halfway cracks form between columnar grains and within the 
interdendritic region. Figures 3.4(c) and (d) are electron
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Figure 3.4 (a) and (b) Light micrographs of halfway crack 
30 mm from chill viewed transverse and 
longitudinal to heat flow direction, 
respectively. (c) Electron micrograph of
halfway crack viewed longitudinal to heat flow, 
(d) Magnified (1,000X) electron micrograph of 
crack in (c).
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micrographs of the longitudinal plane. Again the cracks 
are shown to propagate between columnar grains. In Figure 
3.4(d), which is magnified 1000X, the morphology of the 
crack surface can be seen to be smooth and lacking evidence 
of ductile fracture. Therefore, it follows, that this 
crack formed while the interdendritic region was still in 
the liquid state.

Halfway cracks are generally considered to be caused 
by reheating after the exit from the spray cooling. The 
location of the halfway cracks has been shown to coincide 
with changes in the heat flow rate during solidification. 
Details pertaining to this phenomena are presented in the 
section 3.2 of this thesis.

The corner sections of the as-cast billets have been 
defined as the columnar impingement region. Microscopic 
examination of the columnar impingement region has revealed 
microporosity that occurs between dendrite cores. Columnar 
solidification fronts from adjacent sides of the billet 
impinge upon one another at a 90° angle along a 
longitudinal plane which intersects the corners of the 
billet. This impingement creates a network of primary 
dendrites that interlink and form a barrier to liquid flow. 
Incomplete feeding of solidification shrinkage causes the 
formation of microporosity. In the fully columnar regions 



T-3962 59

the parallel dendrite orientation provides less feeding 
resistance than the intersection of two solidification 
surfaces.

The secondary dendrite arm spacing was measured as a 
function of distance from the chill for all three of the 
billets included in this study. These data have been 
plotted for each of the three billets in Figures 3.5, 3.6, 
and 3.7. Examination of these plots reveals that the 
spacing of the secondary dendrite arms increases as a 
function of distance from the chill as the cooling rate 
decreases. The spacings range from about 50 to 300 
microns. This increase in spacing is caused by a decrease 
in cooling rate during solidification and will be discussed 
in section 3.2. The figures show that the arm spacing 
increase is not linear, and that there are some distinct 
changes in slope. In general, the secondary arm spacing is 
found to be inversely proportional to the local average 
cooling rate raised to the 1/3 to 1/2 power (15).
3.2 Solidification Model

A solidification model was developed based on the 
relationship between the secondary dendrite arm spacing and 
solidification conditions within the caster. The secondary 
dendrite arm spacing is a function of the cooling rate 
during solidification and measurement of the arm spacing
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provides a method for determining the actual 
solidification conditions at a specific location within any 
particular billet.

Continuously cast billets are exposed to widely 
changing solidification conditions as they move through the 
caster. The solidification conditions in the mold are 
different than the conditions in the spray chamber and 
conditions vary further down along the strand. The 
location of the billet can be represented as a function of 
time since the billet velocity is known and the location of 
the liquidus and solidus isotherms is also a function of 
time. Thus the location of the billet within the caster 
can be compared to the location of the liquidus and solidus 
isotherms. Furthermore, comparison of the isotherm plots 
with the chemical composition profile allows the effects of 
caster conditions to be compared with the development of 
macrosegregation. Comparison of the isotherm plots with the 
macrostructural evaluation offers an explanation for the 
formation of half-way crack formation.

This model provides a measure by which billets and 
casters can be compared, individual casters could be "fine
tuned" to optimize the solidification conditions with the 
goal of minimizing segregation and controlling the 
resultant as-cast structure.
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The model was found to be most accurate in the fully 
columnar regions of the billets. Within this region the 
secondary dendrites are consistently oriented parallel to 
the billet surface. This consistent orientation allows for 
more accurate measuring of the arm spacing. Thus, the most 
meaningful data is from the fully columnar zone.

Application of this solidification model for these 
samples allowed the solidification conditions to be 
estimated from the cast structure. Heat flow transients 
caused deviations from steady state solidification 
conditions. This caused variations in the local 
solidification time and the extent of dendrite coarsening. 
Thus, plots of secondary arm spacing vs. distance from the 
chill reveal perturbations in heat transport and 
solidification rate by changes in the slope of the liquidus 
isotherm. These slope changes correlate with changes in 
the thickness of the mushy zone as illustrated in plots of 
the liquidus and solidus isotherm movements. The model 
predicts macrosegregation and the formation of half-way 
cracks in the 150 x 152 mm (6x6 in) billet based on the 
solidification conditions as measured from the secondary 
dendrite arm spacing. The stirred, vertical cast billet 
and the unstirred horizontal cast billet were also 
modelled.
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3.2.1 Koppers Vertical Caster
Figure 3.8 shows a plot of the liquidas and solidus 

isotherm locations as a function of the square root of time 
for the 150 x 152 mm (6x6 in) billet. The plot is based 
on measured values for the secondary dendrite arm spacing 
and on the solidification model presented in section 1.3. 
The continuous caster manufactured by the Koppers Corp, had 
a 635 mm ( 24 in) long mold with 610 mm of effective mold 
length below the meniscus, a 152 mm (6 in) uncooled air 
gap, and an 1829 mm (72 in) water spray zone. For a 
casting billet velocity of 29.7 mm/sec (1.2 in/sec) the end 
of the mold is reached in 21 sec (t1/2 = 4.6 sec1/2) . The 
spray zone starts at 2 6 sec (5.1 sec172) and continues until 
the billet exits the spray zone at 87 sec (9.3 sec172). The 
location of the various caster components are plotted in 
time coordinates on Figure 3.8. The changes in mushy zone 
width indicate that: (1) a very slight positive 
macrosegregation should be observed from the chill face out 
to a distance of about 17 mm; (2) a large increase in 
positive macrosegregation should occur with a peak at about 
20 mm; and (3) continued positive macrosegregation to a 
distance of about 48 mm at the transition from columnar to 
equiaxed solidification. Negative macrosegregation similar 
to under riser segregation, in sand cast products, should
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be observed in the equiaxed zone because of the movement 
of liquid and dendrite fragments which feed the shrinkage.

Figure 3.9 is a plot of the segregation ratios for 
manganese, silicon, and molybdenum as a function of the 
distance from the chill. The plot shows that the 
composition is close to the mean for the first 20 mm; that 
there is positive segregation from 25 to 50 mm; and that 
there is significant negative macrosegregation in the 
equiaxed region near the billet center line. A comparison 
of Figures 3.8 and 3.9 reveals that the positive 
macrosegregation between 25 and 50 mm coincides with an 
increase in the width of the mushy zone as determined from 
the secondary dendrite arm spacing. The change from 
negative to positive macrosegregation coincides with a 
discontinuous increase in the dendrite arm spacing and in 
the local solidification time. Negative macrosegregation 
is also observed in the equiaxed zone at the center of the 
billet where equiaxed dendrites move with the liquid and 
the mushy state can exist for an extended period.

The locations of the mold and the water spray zones in 
Figure 3.8 do not seem to correlate with changes in the 
mushy zone width and with the macrosegregation. Thus, 
dendritic structure and macrosegregation changes do not 
seem to directly correlate with the changes in the cooling
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pattern at the billet surface. The increase in the mushy 
zone width, begins at a location approximately 20 mm from 
the billet surface, at a time of 49 sec. This corresponds 
to a location 1455 mm below the meniscus. This distance 
below the meniscus may be sufficient for the pouring 
turbulence to subside which decreases the flow rate of 
superheated liquid into the mushy zone.
3.2.2 Concast Vertical Caster

Figure 3.10 shows a plot of the liquidus and solidus 
isotherm locations as a function of the square root of time 
for the 127 x 178 mm (5x7 in) billet. The plot was 
developed based on measured values for secondary dendrite 
arm spacing and on the solidification model. This Concast 
continuous caster has an 813 mm (32 in) curved mold, 
followed by an 1800 mm (71 in) spray cooling zone. It is 
equipped with electromagnetic stirring (EMS) in the mold. 
For a casting billet velocity of 36 mm/sec (1.4 in/sec) the 
end of the mold is reached in 23 sec (4.8 sec1/2) where it 
immediately enters the aftercoolers where the billet 
remains until 73 sec (8.5 sec1/2) into the process. These 
locations are plotted in time coordinates on Figure 3.10. 
The changes in mushy zone width shown in Figure 3.10 should 
provide: (1) positive macrosegregation from the chill zone 
out a distance of 22 mm; (2) negative segregation between
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22 and 32 mm as the mushy zone narrows, and (3) positive 
segregation where the mushy zone increases at a distance of 
about 40 mm from the chill. The center of the billet 
should show negative macrosegregation because of fluid flow 
down the center to feed solidification shrinkage.

Figure 3.11 is a plot of the segregation ratios for 
manganese, silicon, and molybdenum as a function of the 
distance from the chill for the 127 x 178 mm (5x7 in) 
vertically cast, stirred, billet. The plot confirms : (1) 
positive segregation between 15 and 20 mm from the chill 
caused by the increasing mushy zone width, (2) negative 
segregation between 20 and 30 mm caused by narrowing of the 
mushy zone, and (3) negative segregation along the center 
line caused by flow to feed shrinkage. The negative 
segregation 10 mm from the chill face is probably the 
result of in mold EMS, and the positive segregation 35 mm 
from the chill is probably caused by stagnation of the 
solidus isotherm at the boundary of the equiaxed zone. The 
composition oscillates between negative and positive 
segregation until the equiaxed zone is encountered where 
the segregation ratio remains less than one at the billet 
centerline. A comparison of Figures 3.10 and 3.11 reveals 
the initial positive macrosegregation at 10 mm coincides 
with an increase in mushy zone width. The zone of negative
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segregation at 15 mm coincides with the beginning of EMS. 
A change in slope of the liquidus isotherm at 22 mm 
corresponds to the beginning of another zone of positive 
segregation that continues until the approach of the 
columnar to equiaxed transition at 45 mm. This same change 
in slope corresponds to the billet exiting the mold and 
entering the spray cooled aftercooler.
3.2.3 SCE Horizontal Caster

Figure 3.12 shows a plot of the liquidus and solidus 
isotherms as a function of the square root of time for the 
127 x 178 mm (5x7 in) billet. This Steel Casting 
Engineering (SCE) caster has a 102 mm (4 in) Amolloy chrome 
plated mold followed by a 305 mm (12 in) graphite mold 
extension. Final solidification is assisted by three 660 
mm (26 in) long graphite after coolers. At a casting 
billet velocity of 27 mm/sec (1.1 in/sec) the junction 
between the end of the mold and the graphitic mold 
extension is reached in 3.8 sec (1.9 see172) . The end of 
the graphite mold extension is reached at 15.1 sec (3.9 
see172) elapsed time. Next, the billet enters the three 
graphite aftercoolers where it remains until 88.4 sec (9.4 
sec172) total elapsed time. These locations are plotted in 
time coordinates on Figure 3.12. The changes in mushy zone 
width indicate that : (1) positive macrosegregation should
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exist out to 19 mm; (2) between 20 and 25 mm the 
segregation should remain essentially constant; (3) another 
band of positive segregation should begin at 27 mm and 
extend out 32 mm; (4) segregation should be negative as the 
mushy zone size decreases from 32 to 42 mm and on into the 
equiaxed zone.

Figure 3.13 is a plot of the segregation ratios for 
manganese, silicon, and molybdenum as functions of the 
distance from the chill for the 127 x 178 mm (5x7 in) 
horizontally cast billet. The plot shows a zone of 
negative macrosegregation out to 10 mm where the 
segregation becomes positive and remains positive to a 
distance of 45 mm from the chill. Although Figure 3.12 
indicates a decrease in the mushy zone thickness at 32 mm 
from the chill the segregation as revealed by the emission 
spectrometer remains positive. This difference may be 
caused by the horizontal billet configuration.
3.2.4 Formation of Halfway Cracks

A decrease in the rate of heat removal from the billet 
during solidification results in a rise of the billet 
surface temperature. This increase in surface temperature 
causes the solidified shell to expand and reduces 
solidification rate. It was shown above that a decrease in 
solidification rate results in a reduction of the mushy
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zone width and corresponding negative macrosegregation. 
The reheat and thermal expansion of the billet skin 
produces subsurface tensile stresses which can cause the 
formation of internal defects. Halfway cracks may form 
within the two-phase mushy zone which has a decreased 
tensile strength. The microstructural analysis presented 
in section 3.1 supports this conclusion.

Figure 3.8 shows a change of the mushy zone width in 
the 150 x 152 mm (6x6 in) billet between 18 and 22 mm 
from the billet surface. Metallographic examination of the 
as-received material revealed halfway cracks at this same 
distance below the surface. Micrographs of the as-received 
halfway cracks were presented in Figure 3.4 These halfway 
cracks occurred at the same location as the slope change 
(velocity increase). Therefore, the model allows 
examination of the solidified billets and correlation of 
critical values for changes in solidification conditions 
that can result in defects such as halfway cracks. This 
model could be used as a caster design tool to build 
casters with minimum perturbations in the heat flow rate to 
prevent the formation of halfway cracks and to minimize 
segregation.

Neither of the 127 x 178 mm (5x7 in) billets 
exhibited halfway cracks in the as-received material.
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Figures 3.10 and 3.12 show that the 127 x 178 mm (5x7 in) 
billets exhibited similar or greater changes in the 
velocity of the liquidus isotherm. However, the inflection 
point for the 127 x 178 mm (5x7 in) billets occurred 
while the billets were within or just exiting the mold. 
Furthermore, the billets did not exhibit any significant 
slope changes within the fully-columnar region which is 
more sensitive to the formation of halfway cracks due the 
isotropic nature of columnar dendrites. It is proposed 
that continuous cooling in the mold acted to prevent 
reheating and expansion of the surfaces of the 127 x 178 mm 
(5x7 in) billets, and that this prevented the formation 
of halfway cracks. Also, uniform heat removal downline 
from the mold prevented the formation of halfway cracks 
later in the solidification process.
3.3 Axial Fatigue Results

Fully reversed axial fatigue tests were conducted 
under load control with a stress ratio of R = -1 on the 
"low reduction" material. The maximum stress level was 
controlled at 655 MPa (95.0 ksi) which is 68% of the 
tensile yield strength for the quenched and tempered AISI 
4140 steel at a hardness of 32HRc. These data are plotted 
as cycles to failure vs. reduction ratio for the samples 
from the three solidification regions in Figures 3.14, 3.15
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and 3.16. The plots show that the fatigue response varies 
somewhat with the position in the billet.

Fatigue data for the fully columnar region, for which 
the most data has been taken, exhibits a wide range of 
scatter as seen in Figure 3.14. Initial data had indicated 
a well behaved increase in fatigue life with increasing 
reduction ratio, however, further testing revealed a wide 
scatter in fatigue properties that is evident in the plots.

Further, the data for the columnar impingement region 
in Figure 3.15 are less well behaved, but the upper limit 
on the fatigue life appears to increase with hot reduction 
ratio. If the fatigue cracks are assumed to initiate at 
porosity the data in Figure 3.15 indicate that the micro 
porosity associated with the columnar impingement region 
begins to be healed above a 5:1 reduction ratio.

A limited amount of data for the equiaxed region are 
presented in Figure 3.16. The data do not seem to follow a 
consistent trend in fatigue life with increasing hot 
reduction, however, insufficient data are available for 
meaningful statistics. The failures can be attributed to 
porosity and segregation (eg. ^-segregation) associated 
with the centerline of the original as-cast billet based on 
the dendritic structure revealed on the fractured samples. 
Macroscopic examination of the billet centerline revealed
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periodic segregation and porosity occurring at 50 mm 
increments along the centerline of the billet. In 
contrast, the structure in the columnar region showed 
little variation along the length of the billet. Thus, the 
uncontrolled presence of centerline defects may prevent 
observation of a consistent trend in fatigue life for the 
equiaxed zone as a function of hot reduction ratio.

Figures 3.17 and 3.18 contain fatigue life data at 
high and low reductions for the columnar impingement and 
equiaxed regions of the 150 x 152 mm (6x6 in) vertically 
cast billet. Figure 3.17 for the columnar impingement zone 
indicates that even at reduction ratios as high as 21:1 and 
36:1 fatigue life is not significantly improved over the 
"low reduction" samples tested. Figure 3.18 contains the 
data at low and high reductions from the equiaxed region of 
the vertically cast billet. The fatigue resistance does 
not seem to exhibit marked improvement at reduction ratios 
as high as 36:1.

The fatigue data gathered for the 127 x 178 mm (5x7 
in) horizontally cast billet are presented in Figures 3.19, 
3.20, and 3.21. The data gathered from the fully columnar 
region in Figure 3.19 show an increase in fatigue 
resistance with reduction ratio up to 4:1. Fatigue data at 
reductions of 5:1 and 6:1 do not seem to fit the trend;
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Figure 3.17 Fatigue cycles to failure vs. reduction ratio 

of samples taken from the columnar impingement 
region of a 150 x 152 mm (6x6 in) vertically 
cast, unstirred billet, "low reduction" and 
"high reduction" samples have been identified. oo
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Figure 3.18 Fatigue cycles to failure vs. reduction ratio 

of samples taken from the equiaxed region of a 
150 x 152 mm (6x6 in) vertically cast, 
unstirred billet, "low reduction" and "high 
reduction" samples have been identified. m
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Figure 3.20 Fatigue cycles to failure vs. reduction ratio 

of samples taken from the columnar impingement 
region of a 127 x 178 mm (5x7 in) 
horizontally cast, unstirred billet.
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however, the data are insufficient for good statistical 
analysis. The columnar impingement data plotted in Figure 
3.20 and the data for the equiaxed region are presented in 
Figure 3.21, both indicate a clear trend of increasing 
fatigue resistance with increasing reduction ratio. One 
interesting observation is that the equiaxed region shows 
very little fatigue resistance until a minimum reduction 
ratio of 3:1 is reached. The equiaxed zone fatigue 
resistance for the 127 x 178 mm (5x7 in) vertically cast 
billet is a better behaved function of the hot reduction 
than is that for the 150 x 152 mm (6x6 in) vertically 
cast billet. However, the 150 x 152 mm (6x6 in) billet 
did exhibit some center looseness which prevented fatigue 
resistance in the as-cast and 2:1 condition. At a 
reduction ratio of 3:1 the fatigue resistance begins to 
increase as a function of hot reduction. Thus, it appears 
that the equiaxed zone may be the limiting structure in 
terms of minimum required reduction ratio for this 
particular caster/billet configuration.
3.4 Characterization of Hot-Rolled and Fatigued Samples 

The hot-rolled macrostructures from the "high 
reduction" 150 x 152 mm (6x6) billet were characterized 
by measuring the extent of the columnar and equiaxed 
regions as a function of reduction ratio. These data are 
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presented in Table 3.2. It can be seen that an increase in 
the amount of hot reduction causes a decrease in the area 
percent of the equiaxed zone.

Most of the characterization work which followed 
fatigue testing was conducted on the 150 x 152 mm (6 x 6 
in) vertically cast billet. This billet was sampled to 
remove test material from each of the three solidification 
zones ; and the exact origin of each sample was identified. 
Figure 3.22 is a schematic of the transverse section from 
the 150 x 152 mm (6x6 in) vertically cast billet which 
shows the locations of the nine samples sawed for hot- 
rolling experiments and fatigue testing. Samples 
identified as 1.2, 1.3, 1.5, 1.6, 1.7, and 1.8 represent 
the fully-columnar solidification zone. Samples identified 
as 1.1 and 1.4 represent the columnar impingement 
solidification zone, and sample 1.9 represented the 
equiaxed solidification zone. These identification numbers 
will be used to identify each particular sampled region for 
discussion purposes.

Figures 3.23 and 3.24 contain light micrographs taken 
of the fully-columnar region of the 150 x 152 mm billet 
following hot-rolling, to various reduction ratios, heat 
treatment, and fatigue testing. These figures represent 
the dendritic structure as a function of reduction ratio



H I3962

Table 3.2 Macrostructural Characterization of As-Rolled 150 x 152 mm (6 x 6 in) 
Billet Processed at Republic Steel Company.

Dimensions
Reduction 
Ratio

Cross
Sectional 

Area
imtr

Area of 
Columnar

Region 
mm %

Area of 
Equiaxed 
Region mm2 % Area 

Equiaxed
150 x 152 mm 
(6x6 in) 1.0 22,800 19,884 2,916 12.8

76.2 x 76.2 mm 
(3x3 in) 3.9 5,806 5,220 586 10.1

58.4 x 58.4 mm 
(2.3 x 2.3 in) 6.7 3,413 3,259 154 4.5
43.2 x 43.2 mm 
(1.7 x 1.7 in) 12.2 1,865 1,740 125 6.7

33 x 33 mm 
(1.3 x 1.3 in) 20.9 1,090 1,009 81.0 7.4
28.6 mm Diam.

(1-1/8 in Diam.) 35.6 641.3 607 34.2 5.3
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Figure 3.22 Schematic of transverse section of a 150 x 152 
mm (6x6 in) vertically cast, unstirred billet 
showing areas sampled for hot-rolling, fatigue 
testing, and characterization.
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Figure 3.23 Light micrographs of as-rolled and heat treated 

microstructures of sample area 1.6 taken from a 
150 x 152 mm (6x6 in) vertically cast, 
unstirred billet, hot-reduction ratios for each 
micrograph are indicated.
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Figure 3.24 Light micrographs of as-rolled and heat treated 
microstructures of sample area 1.8 taken from a 
150 x 152 mm (6x6 in) vertically cast, 
unstirred billet, hot-reduction ratios for each 
micrograph are indicated.
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for two separate locations in the fully-columnar region. 
Figure 3.23 represents sample area 1.6 and Figure 3.24 
represents sample area 1.8. A qualitative comparison of 
these two sets of micrographs does not reveal significant 
differences in the hot-rolled dendritic structures. Both 
regions exhibit parallel primary dendrite cores separated 
by interdendritic material. The spacing of the primary 
dendrites is somewhat reduced with increasing reduction 
ratio. Although this was not quantified, it is evident 
from the micrographs that the two regions posses equivalent 
primary arm spacings at the same reduction ratio. This is 
probably caused by differences in the distance from the 
billet surface, hence, in the initial dendrite arm spacing.

The fracture samples from the vertical cast billet 
were analyzed to determine the cause of scatter observed in 
the fatigue results. Scanning electron micrographs were 
prepared from each fracture surface and the fatigue 
initiation sites were counted. The results showed that 
those samples with the lowest fatigue resistance at any 
given reduction ratio exhibited multiple fatigue initiation 
sites at the surface. Figure 3.25 is a plot of the fatigue 
results from the fully columnar region of the 150 x 152 mm 
(6x6 in) vertically cast billet. The samples that failed 
by multiple initiation are identified by filled data
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Figure 3.25 Fatigue cycles to failure vs. reduction ratio 

of samples taken from the fully columnar region 
of a 150 x 152 mm (6x6 in) vertically cast, 
unstirred billet. Samples exhibiting multiple 
initiation sites have been identified. ID 
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points. When samples with multiple initiation sites are 
eliminated from the data population, the scatter in the 
fatigue data is reduced and a more clear relationship is 
revealed between higher reduction ratios and improved 
fatigue resistance. These samples were further 
characterized by inclusion analysis.

The data from the fully columnar region of the billet 
is once again presented in Figure 3.26. Eight data points 
have been identified and labeled with the letters A through 
H for reference. Each pair of data points (AB, CD, EF, and 
GH) represent the best and worst individual fatigue 
response at a specific reduction ratio.

Figures 3.27, 3.28, 3.29, and 3.30 are scanning 
electron micrographs of each of the eight fatigue fracture 
surfaces representing four reduction ratios (2:1, 3:1, 5:1, 
and 6:1). Analysis of the fracture surfaces revealed that 
in each case the sample with the worst fatigue response had 
multiple, surface fracture initiation sites. This was the 
only significant difference observed between the fracture 
surfaces of specimens with high and low fatigue lives at 
each reduction ratio. Only in cases where gross porosity 
existed on the fracture surface did fractography provide 
conclusive evidence for the nature of premature fatigue 
failure. Gross porosity, defined as open voids within the
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Figure 3.26 Fatigue cycles to failure vs. reduction ratio 

of samples taken from the fully columnar region 
of a 150 x 152 mm (6x6 in) vertically cast, 
unstirred billet. Eight samples selected for 
additional characterization have been 
identified. vo 
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Figure 3.27 Electron micrographs of axial fatigue fracture 
surfaces at reduction ratio of 2:1, (A) 77,999
cycles to failure (B) 29,668 cycles to 
failure.
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Figure 3.28 Electron micrographs of axial fatigue fracture 
surfaces at reduction ratio of 3:1, (C)
105,952 cycles to failure (D) 31,289 cycles to 
failure.
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Figure 3.29 Electron micrographs of axial fatigue fracture 
surfaces at reduction ratio of 5:1, (E)
127,554 cycles to failure (F) 18,342 cycles to 
failure.
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Figure 3.30 Electron micrographs of axial fatigue fracture 
surfaces at reduction ratio of 6:1, (G)
155,832 cycles to failure (H) 36,723 cycles to 
failure.



T-3962 103

sample, was only encountered in samples taken from the 
columnar impingement region.

Figure 3.31 is an additional plot of the fatigue data 
resulting from the columnar impingement region of the 150 x 
152 mm (6x6 in) vertically cast billet. The samples that 
showed premature fatigue failure because of gross porosity 
have been identified by filled data points. It is worth 
noting that a sample with a reduction ratio of 5:1 was 
found to contain sufficient porosity to expedite fatigue 
failure. An electron micrograph of typical gross porosity 
found in the columnar impingement fracture surface is 
presented as Figure 3.32. Microporosity acts as a site for 
fatigue crack initiation. Fractured fatigue specimens 
taken from the columnar impingement zone have shown that 
cracks originate at microporosity. Figure 3.33 shows an 
electron micrograph of a fatigue fracture surface with a 
solidification void formed in the columnar impingement 
zone. This shrinkage void lead to the premature failure of 
the fatigue specimen after only 31,268 cycles.

Examination of the fatigue specimens from the 
vertically cast billet showed periodic microporosity that 
lead to premature fatigue failure. Fatigue cracks were 
also initiated at other microstructural features such as 
nonmetallic inclusions. In addition, many of the fatigue
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Figure 3.31 Fatigue cycles to failure vs. reduction ratio 
of samples taken from the columnar impingement 
region of a 150 x 152 mm (6x6 in) vertically 
cast, unstirred billet. Samples that failed 
prematurely due to gross porosity have been 
identified.
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Figure 3.32 Axial-fatigue fracture surface taken from the 
columnar impingement region of a 150 x 152 mm 
(6x6 in) vertically cast, unstirred billet, 
(a) Fatigue fracture initiation site showing 
region of porosity. (b) Close-up of porosity 
showing as-solidified dendrites remaining after 
2:1 reduction ratio. (SEM micrographs)
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Figure 3.33 Axial-fatigue fracture surface taken from the 
columnar impingement region of a 150 x 152 mm 
(6x6 in) vertically cast, unstirred billet, 
(a) Fatigue fracture initiation site showing 
region of porosity. (b) Close-up of porosity
showing as-solidified dendrites remaining after 
4:1 reduction ratio. (SEM micrographs)
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samples failed at surface imperfections corresponding to 
machining marks.

The results of the metallographic inclusion analysis 
are presented in Figures 3.34 and 3.35. These data are 
from sample pairs AB and GH which were taken from the fully 
columnar region. Figure 3.34 represents sample pair AB 
which had a reduction ratio of 2:1. A comparison of A and 
B reveals that sample B had an inclusion distribution which 
was shifted toward longer inclusions. However the fracture 
surface did not provide any indication that inclusions 
contributed to the premature fatigue failure. Figure 3.35 
represents sample pair GH that had a reduction ratio of 
6:1. Here it is seen that at a 6:1 reduction ratio the 
inclusion size distribution is shifted to longer inclusion 
lengths, as would be expected. Neither of the fracture 
surfaces in this figure revealed the presence of inclusions 
that could have contributed to premature fatigue failure. 
Thus, the inclusion analysis confirmed that the inclusion 
size distribution would be shifted toward the longer 
inclusion sizes, but that the effects on fatigue response 
are inconclusive.

Ultrasonic characterization was conducted by the 
Timken Co., and it provided additional insight into the 
fatigue data. Figure 3.36 is a repeat of the fatigue data
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Figure .34 Inclusion length histograms of samples A (top) 
and B (bottom) representing the fully columnar 
region of a 150 x 152 mm (6x6 in) vertically 
cast, unstirred billet with a reduction ratio 
of 2:1.
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.35 Inclusion length histograms of samples G (top) 
and H (bottom) representing the fully columnar 
region of a 150 x 152 mm (6x6 in) vertically 
cast, unstirred billet with a reduction ratio of 6:1.
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Figure 3.36 Fatigue cycles to failure vs. reduction ratio 
of samples taken from the columnar impingement 
region of a 150 x 152 mm (6x6 in) vertically 
cast, unstirred billet. Sample origin 
locations have been identified.
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from the 150 x 152 mm (6 x 6 in) vertically cast billet. 
However, the original sampling location for each data point 
has been indicated (see Figure 3.22). This same fatigue 
data was plotted as total indication length per unit volume 
(in/in3) vs. cycles to failure and appear as Figure 3.37. 
The ultrasonic indications are caused by porosity and 
inclusions within the steel samples. Some work was 
conducted to determine the exact nature of the ultrasonic 
indications (see Appendix A). The data in Figure 3.37 does 
help to explain the wide scatter found in the fatigue data 
since it is clear from the plot that the number of cycles 
to failure decreased as the total indication length 
increased. Unfortunately the data for the columnar 
impingement zone and the equiaxed zone presented as Figures 
3.38 and 3.39 is not consistent with the fully columnar 
data. This technique does appear to offer a useful tool 
for evaluating material following fatigue testing.
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Figure 3.37 Fatigue cycles to failure vs. total ultrasonic 
indications per unit volume representing the 
fully columnar region of a 150 x 152 mm (6x6 
in) vertically cast, unstirred billet.
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Figure 3.38 Fatigue cycles to failure vs. total ultrasonic 
indications per unit volume representing the 
columnar impingement region of a 150 x 152 mm 
(6x6 in) vertically cast, unstirred billet.
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Figure 3.39 Fatigue cycles to failure vs. total ultrasonic 
indications per unit volume representing the 
equiaxed region of a 150 x 152 mm (6x6 in) 
vertically cast, unstirred billet.



T-3962 115

4.0 CONCLUSIONS
1) Examination of the as-cast billets has revealed 

porosity that exists in the corner regions of the 
billets which have been defined as the columnar 
impingement region. Within the columnar impingement 
region defects were formed during solidification 
because dendrite arms created an interlaced network of 
dendrites which blocked liquid metal feeding. This 
network impedes the flow of liquid and prevents the 
complete filling of solidification shrinkage.

2) A solidification model was used to successfully 
reproduce the relative positions of the liquidus and 
solidus isotherms during the solidification process 
based on measurement of the secondary dendrite arm 
spacing. The location of the mold and other caster 
components were plotted on the isotherm plot to 
evaluate the relationship between the caster 
components and the solidification conditions. This 
technique could be used as a tool to identify portions 
of the caster which contribute to the formation of 
casting defects. This model could also be used as a 
design tool to develop a continuous caster that would 
minimize macrosegregation and cracking type defects 
caused by perturbations in the cooling rate.
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3) Comparison of the billet characterization with the 
isotherm plots shows a relationship between changes in 
mushy zone thickness and the development of halfway 
cracks. These halfway cracks develop as a result of a 
decrease in heat removal rate, which causes an 
expansion of the partially solidified billet skin. 
The thermal expansion results in tensile stresses 
within the billet skin. Since the mushy zone cannot 
support any stress, cracks form between the dendrite 
cores.

4) A comparison of the chemical segregation data with the 
isotherm plots supports a relationship between changes 
in the velocity of the liquidus isotherm and banding 
type macrosegregation.

5) Axial fatigue samples that exhibited very low fatigue 
resistance at a particular reduction ratio were found 
to have multiple fatigue crack initiation sites. 
Samples with single initiation sites had longer 
fatigue lives.

6) Variations in the fatigue properties were found 
between the fully columnar, columnar impingement, and 
equiaxed regions. Variations along the length were 
also found for each of the regions for specimens 
tested at 655 MPa (95.0 ksi) with R = -1.
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7) Fatigue property differences were observed between 
samples removed from the cross-section of a billet and 
rolled in the laboratory and samples of the entire 
billet cross-section which were rolled under 
commercial rolling conditions. The commercially 
rolled samples with reduction ratios as high as 36:1 
showed equivalent or lower fatigue lives than the 
laboratory samples with reduction ratios only as high 
as 7:1.

8) The use of ultrasonic C-scan testing was useful for 
characterization of the defects which contribute to 
premature fatigue failure. For the fully columnar 
samples it was shown that total cycles to failure 
decreased with increasing indications per unit volume.



T—3962 118

REFERENCES
1. Bessemer, H., "On the Manufacture on Continuous Sheets 

of Malleable Iron and Steel Direct from Fluid Metal", 
Iron and Steel Institute (U.K.), October 6, 1891.

2. Paxton, H. W., "The Changing Scene in Steel", Met. 
Trans. A, Vol. 10A, December 1979, pp. 1815-1829.

3. Wright, P. H., "Quality Developments in Strand Casting 
for Special Applications at Chaparral Steel Company", 
Proceedings of "Mechanical Working and Steel 
Processing Conference XIX", Pittsburgh, PA., October 
28-29, 1981, The Iron and Steel Society of AIME, P.O. 
Box 411, Warrendale, PA, 15086, 1982.

4. Iron and Steelmaker, American Iron and Steel 
Institute, January, 1990, p. 6.

5. E.B. Hawbolt, F. Weinberg, and J.K. Brimacombe, 
"Influence of Hot Working on Internal Cracks in 
Continuously-Cast Steel Billets", Metall. Trans. B, 
vol. 10B, June 1979, p. 229.

6. P. Blackburn, "Acceptance of Strand Cast Steel", 
Forging Industry Association Conference, June 11, 
1986, p. 1.

7. R.H. McCreery: Metals Progress, December, 1984, pp. 
29-31.

8. Heard, R. and Haissig, M., "Solidification of 
Horizontally Cast Products", Special Melting and 
Processing Technologies, San Diego, CA, Apr. 1988, pp. 
391-395.

9. Gau, C. and Viskanta, R., "Melting and Solidification 
of a Metal System in a Rectangular Cavity", 
International Journal of Mass Transfer, Vol. 27, No. 
1, 1984, pp. 113-123.

10. Tashiro, K., et. al., "Influence of Mould Design on 
the Solidification and Soundness of Heavy Forging 
Ingots", Tetsu-to-Hagane', Vol. 67, No. 103, 1981.

11. Dantzig, J.A., "Mathematical Modeling of 
Solidification Processes", Technology for Premium 
Quality Castings, Ed. by Dunn, E. and Durham, D.R.,



T-3962 119

The Metallurgical Society, 1988, pp. 41-55.
12. Storkman, W.R. and Thomas, B.G., "Mathematical 

Modeling of Continuous Casting of Stainless Steel 
Slabs to Optimize Mold Taper", TMS/AIME Publication, 
Warrendale, PA, 1988, pp. 225-227.

13. Mizikar, E.A., "Mathematical Heat Transfer Model for 
Solidification of Continuously Cast Steel Slabs", 
Continuous Casting, Vol. 2, Iron and Steel Society of 
AIME, Warrendale, PA, 1984, pp. 9-15.

14. Brimacombe, J.K., "Design of Continuous Casting 
Machines Based on a Heat-Flow Analysis: State-of-the- 
Art Review", Continuous Casting, Vol. 2, Iron and 
Steel Society of AIME, Warrendale, PA, 1984, pp. 17
28.

15. Flemings. M.C., Solidification Processing, McGraw
Hill, 1974.

16. R. Mehrabian, "Segregation Control in Ingot 
Solidification", Ed. by J.J. Burke, M.C. Flemings, and 
A.E. Gorum, Brook Hill Publishing Co., Chestnut Hill, 
Mass., 1975.

17. A. Suzuki, T. Suzuki, Y. Nagaoka, and Y. lawata, 
Nippon Kingaku Gakkai, Shuho, Vol. 32, 1968; also 
Brutcher transi., 7804, 1969.

18. J. Dyck, "The Effects of Hot Work Reduction Ratios on 
Torsional Fatigue Properties of a Strand-Cast Medium 
Carbon Microalloyed Steel", Thesis No. 3620, Advanced 
Steel Processing and Products Research Center, 
Colorado School of Mines, August, 1988.

19. B. Rittgers, R.H. Frost, G. Krauss, D.K. Matlock, and 
J. Wei, "Effect of Hot Working Reduction Ratios on the 
Torsional Fatigue of Strand Cast AISI 4140 Steel", 
1989 Mechanical Working and Steel Processing 
Proceedings, The Iron and Steel Society of AIME, 
Warrendale, PA, 1989, pp. 99-113.

20. J. Dyck, R.H. Frost, D.K. Matlock, and G. Krauss, 
"Effects of Hot Reduction and Bar Diameter on 
Torsional Fatigue of a Strand Cast Microalloyed 
Stee1", 1988 Mechanical Working and Steel Processing 
Proceedings, The Iron and Steel Society of AIME,



T-3962 120

Warrendale, PA, 1988, pp. 83-94.
21. The Making, Shaping and Treating of Steel, 9th ed., 

ed. by H.E. McGannon, United States Steel Corp., 
Pittsburgh, PA, 1971, pp. 636-37.

22. L. Schmidt and H. Fredriksson, "Formation of Macro
Segregation and Center-Line Cracks in Continuously 
Cast Steel", Ironmaking and Steelmaking, (Quarterly), 
No. 1, 1975, pp. 61-67.

23. R. Alberny and J.P. Birat, "Electromagnetic Stirring 
and Product Quality", Continuous Casting of Steel, The 
Metals Society and IRSID, Biarritz, 1977, pp. 116-124.

24. J.K. Brimacombe, "Crack Formation in the Continuous 
Casting of Steel", Continuous Casting, vol. 2, 1984, 
pp. 199-214.



T—3962 121

APPENDIX A

THE TIMKEN COMPANY
NDE and Sensor Technology Department 

Project # 86045
Ultrasonic Characterization of Continuously 
Cast 4140 Steel at Various Reduction Ratios

By
Rosendo Fuquen and Douglas M. Keener 

September 7, 1990



T-3962 122

OBJECTIVE
The ultrasonic inspection of material from the fatigue 

samples was aimed to characterize the content of porosity 
and/or inclusions and their change with reduction ratio. 
The first step was to verify that the ultrasonic signals 
were to originate from porosity and inclusions; the second 
step was to compare the ultrasonic results with the fatigue 
results.
INTRODUCTION

Continuous casting is a rapidly advancing process 
technology that covers a wide range of capability and 
sophistication, from billet casters used in mini-mills to 
jumbo casters, with choices of tundish designs, of mold 
designs, of electromagnetic stirring, of vertical, 
horizontal and centrifugal casting, etc. Presently, the 
economic advantages and the operating advantages are better 
understood than the effect that a continuous casting 
process configuration can have on the quality and 
performance of steel products. The quality and performance 
is also determined by the subsequent processes, such as hot 
reduction. Then, it is of interest to know the determining 
parameters of the cast structure and their necessary 
change, by subsequent processes, in order to assure that 
the performance is controlled by the wrought structure
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rather than the cast structure.
A research project for this purpose is underway at 

Colorado School of Mines, Advanced Steel Processing and 
Products Research Center. The project is ”Characterization 
of Continuously Cast AISI 4140 Steel and the Effects of 
Hot-Reduction on Structure and Axial Fatigue".

The ultrasonic work presented in this report is 
additional information about the soundness of the specimens 
used in the fatigue tests. The work is a collaborative 
effort of the Timken Company, through the Nondestructive 
Evaluation and Sensor Technology Research Department.
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PROCEDURE
DETECTION OF POROSITY AND INCLUSIONS VIA ULTRASONICS

One end of a fatigue-tested specimen was used for 
preliminary inspection. A flat was machined along the 
length of the specimen, and then it was ultrasonically 
scanned from the threaded end to the fractured end.

Areas of high ultrasonic reflection were selected to 
verify the source of the reflection; the sample was cut and 
polished to approach the points of interest. Scanning 
microscopy was used to observe either porosity or 
inclusions. 
ULTRASONIC INSPECTION OF FATIGUE SAMPLES

The threaded portion of the fatigue samples was 
inspected. A flat was ground on the sample so as to enable 
observation of a zone, windowed in software, from 0.090 in. 
(2.28mm) to 0.180 in. (4.57 mm) below the surface 
containing the center of the specimen. A schematic of the 
samples is shown in Figure A-l.l.

All samples were inspected at the same time to 
eliminate effects of setup or electronic drift. A center 
frequency of 25 MHz. was used, and the data were collected 
at intervals of 0.005 in. by 0.005 in. (0.127 mm) covering 
the entire surface, including the threads and the center 
drill which can be seen in the data plots.



T-3962 125

The length of the inspected zone varied with each 
specimen; therefore, the results are normalized to unit 
volume.
RESULTS
DETECTION OF POROSITY AND INCLUSIONS

The C-scan image of the fatigue sample is shown in 
Figure A-2.1; the orange yellow and green areas indicate 
significant reflections from either porosity, inclusions 
or, as in this case, a hole from the center drill.

The enlarged image of the treated area is shown in 
Figure A-2.2. Note the regions of high reflection which 
can be indexed and located accurately for purposes of 
metallographic verification.

After cutting and polishing to the region of interest, 
the evidence of porosity and inclusions were found via SEN 
and shown in the micrographs within Figures A-2.3a and A- 
2.3b; the micrographs were taken from regions a and b 
indicated in Figure A-2.2.

The results showed that ultrasonic inspection of the 
fatigue samples successfully detected porosity and 
inclusions.
ULTRASONIC INSPECTION OF FATIGUE SPECIMENS OF 4140 STEEL

The location of the fatigue samples, with respect to 
the original billet and the as-cast structure, is shown in 
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Figure A-2.4 (1); samples 1.1 and 1.4 correspond to the 
impingement zone; samples 1.2 and 1.3 are strictly from the 
columnar zone; samples 1.5 through 1.8 contain columnar and 
equiaxed grains, as well as a region of positive 
segregation; sample 1.9 represents the equiaxed zone.

The results are presented by zone of origin of the 
sample, and some reference is made to the fatigue results. 
COLUMNAR AND IMPINGEMENT ZONE

The ultrasonic C-scan images of the threaded end of 
the fatigue samples is shown in Figure A-2.5 for reduction 
ratios of 2:1, 3:1, 5:1, and 7:1. The area of interest is 
framed by lines a, b, c, and d as indicated in one of the 
images; to the left of a, and the right of b, is the image 
effect of the threads ; below line d is the image effect of 
the center drill.

The C-scan of the sample with 2:1 reduction ratio, 
Figure A-2.5a, shows a dense upper right corner 
corresponding to a visually observable crack.

The ultrasonic indications of flaws by length for each 
sample are shown in Table A-2.1. The volume of material 
inspected, the calculated total length of indications, and 
total length per unit volume are also shown. There is a 
decrease in the total length per unit volume; however, the 
volume inspected is very small to draw any general
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comments.
The ultrasonic C-scan images of the fatigue samples 

from region 1.1 are shown in Figure A-2.6. The indications 
for all the reduction ratios are very dense, meaning severe 
porosity or inclusion segregation. Results in terms of 
indications and indication length are meaningless in this 
case.

The fatigue results of samples from the columnar 
impingement zone are shown in Figure A-2.7; the points are 
connected solely for visual aid. It appears that these 
ultrasonic and fatigue results support each other to some 
extent; region 1.4 showed a decrease in total length of 
indications per unit volume as the reduction ratio 
increased; on the fatigue side, the fatigue resistance 
appears higher for higher reduction ratios. The ultrasonic 
results of region 1.1 show a dense population of porosity 
and/or inclusions, and these samples showed a low fatigue 
resistance. 
COLUMNAR ZONE

The fatigue samples from region 1.2 and 1.3 are of 
material from the columnar zone only. The ultrasonic C- 
scans for the various reduction ratios are shown in Figures 
A-2.Ô and A-2.9, respectively. It is worth noting that the 
sample from region 1.2 with reduction ratio of 2:1, Figure
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A-2.8a, shows the most number of indications; this is not 
consistent with the results of the equivalent sample of 
region 1.3, Figure A-2.9a.

It appears that the steel, at this reduction ratio, 
has discrete areas of high porosity or inclusion 
concentrations ; this could account for the large variation 
in the fatigue results, and it makes it difficult to 
observe and measure the effect of increasing reduction 
ratio.

The results of ultrasonic indications by size and 
number are shown in Tables A-2.2 and A-2.3. Region 1.2 
shows a decrease in the total length of indications per 
unit volume as the reduction ratio increased; however, no 
generalization is possible for the reason stated above.

The fatigue results are shown in Figure A-2.10. Only 
one data point is available for region 1.3. The fatigue 
resistance of samples from region 1.2 shows and increase 
with reduction ratio; this observation combines well with 
the one made from Table A-2.2, but the statistical 
significance is weak. 
EQUIAXED ZONE

The C-scan of three samples from the equiaxed zone is 
shown in Figure A-2.11. These samples appeared to have 
fractured in the threaded section rather that the gage 
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section of the specimen and the volume inspected was 
relatively small. The number of indications is shown in 
Table A-2.4 and there is no apparent trend.

The fatigue data shown in Figure A-2.12 are very 
erratic; the sample with reduction ratio of 3:1 exhibits 
the highest fatigue life and minimum number of indications, 
but the volume inspected was comparatively small.

It appears that the equiaxed zone can have regions of 
very sound material withstanding high fatigue life;
however, it is a matter of probability finding them and not 
a characteristic of the equiaxed zone.

If indeed the cleanliness and fatigue are varying much 
with location in the billet, then it becomes quite 
difficult to measure the effect of reduction ratio on both 
fatigue and cleanliness. 
COLUMNAR AND EQUIAXED ZONE

The results of samples from region 1.5 through 1.8 are 
presented and discussed here, even though the gage section 
of the specimen may be of columnar grains and only the 
threaded part could contain equiaxed grains.

The ultrasonic C-scan image of region 1.5 at reduction 
ratios of 2:1, 3:1, 5:1, 6:1, and 7:1 is shown in Figure A- 
2.13. The low reduction ratio, shown in Figures A-2.13a 
and A-2.13b, showed more indications than the others, with 
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the reduction ratio of 3:1 showing images of relatively 
large features and the highest total length of indications 
per unit volume as shown in Table A-2.4.

The ultrasonic results of region 1.6 showed a decrease 
in the number and approximate size of the indications as 
the reduction ratio increased. The C-scan images are shown 
in Figure A-2.14 and the results of ultrasonic indications 
are shown in Table A-2.5.

The fatigue results of samples from these two regions 
tend to improve for the higher reduction ratios, especially 
for region 1.6 as shown in Figure A-2.17.

The ultrasonic results of samples from region 1.7 and 
1.8 are of great interest because they represent material 
adjacent to the corner where a high density of porosity 
and/or inclusions were detected. These results showed a 
higher density of indications for the lower reduction 
ratio; however, the highest density of indications was 
observed in the samples with a reduction ratio of 3:1 
rather than 2:1. The C-scan results for regions 1.7 and 
1.8 are shown in Figures A-2.15 and A-2.16, and the summary 
of ultrasonic indications is shown in Table A-2.6.

The samples from region 1.7 and 1.8 at a reduction 
ratio of 3:1 exhibit total length of indication per unit 
volume of 175 and 230 in. per cubic in. All other samples 
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exhibit total length of indications lower than 75 in. per 
cubic in. This observation suggests that these samples 
come from a portion of unsound material, which is at the 
same location along the length; the billet is not 
homogeneous along the length, and the local areas of 
inhomogeneity are not small as it can be inferred by the 
size of the specimen. This situation could invalidate the 
approach taken to study the effect of reduction ratio.

The fatigue results of samples from region 1.5 through 
1.8 are shown in Figure A-2.17.
SUMMARY OF ULTRASONIC RESULTS

The quantitative ultrasonic results were shown in 
Tables A-2.1 through A-2.6; however, a summary in terms of 
total indication length per cubic inch is presented in 
Figure A-2.18. The data show a trend of reduction in the 
total indication length per cubic inch as the reduction 
ratio increases from 2:1 to 7:1.

Figure A-2.18 does not include data for region 1.1 
because the indications were so dense it was not possible 
to quantify them. It is of significant interest to note 
that regions 1.1, 1.7, and 1.8 showed the higher density of 
indications and the most erratic variation; these regions 
were adjacent and could constitute a side of the billet 
with particular behavior due to the design of the caster or 
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operating practices.
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Table A-2.1 Summary of Ultrasonic Results in Terms of 
Indications by Length for Each Reduction 
Ratio — Sample Location 1.4.

Flaw
Length (in.)

Number of Indications for Each
Reduction Ratio

2:1 3:1 5:1 6:1

0.010 12 17 7 3
0.015 4 13 1 5
0.020 3 1 1
0.025
0.030
0.035
0.040
0.045

Total Length of 
Indications (in.)

1
1

0.295

2

0.435 0.085 0.125

Volume Inspected 

(in.3) x ID3 4.5 10.9 5.9 6.7

Total Length Per 
Unit Volume 

(in./in.3) 73.75 39.90 14.40 18.65
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Table A-2.2 Summary of Ultrasonic Results in Terms of 
Indications by Length for Each Reduction 
Ratio — Sample Location 1.2.

Flow
Length (in.)

Number of Indications for Each

2:1

Reduction Ratio

6:13:1 5:1

0.010 5 7 12 2
0.015 2 8
0.020 2 2 1
0.025 1 1
0.030 1
0.035
0.040 1
0.045 1
0.085 1

Total Length 0.27 0.21 0.26 0.02

Volume x 103 
(in.2) 4.67 4.03 6.80 4.85

Total Length 
Per Unit Volume 
(in./in.3) 57.81 51.10 38.70 4.12
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Table A-2.3 Summary of Ultrasonic Results in Terms of 
Indications by Length for Each Reduction 
Ratio — Sample Location 1.3.

Number of Indications for Each
Reduction Ratio

Flow
Length (in.) 2:1 3:1 5:1 6:1

0.010 5 4 6 7
0.015 3 2 2
0.020
0.025
0.030
0.035
0.040
0.045

Total Length of
Indications (in.)

1
1

0.125 0.040 0.090

1

0.12

Volume Inspected (in.3) 3.86 3.53 6.13 5.37

Total Length 
Per Unit Volume 
(in./in3) 32.38 11.33 14.68 22.34
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Table A-2.4 Summary of Ultrasonic Results in Terms of 
Indications by Length for Each Reduction 
Ratio — Sample Location 1.9.

Fl aw Number of Indications for Each
Length (in.) Reduction Ratio

0.010
0.015

2:1

9 
2

3:1

1

5:1

5 
0

6:1

2
1

0.020
0.025
0.030
0.035

Total Length of 
Indications (in.)

1
1

0.165 0.015

1

0.070 0.030

Volume Inspected 
(in.3) x 103 3.48 0.53 3.880 1.330

Total Length Per
Unit Volume (in./in.3) 47.41 28.30 18.040 22.550

The sample with a 3:1 reduct ion ratio was too small to inspect comparative

volume.
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Table A-2.5 Summary of Ultrasonic Results in Terms of 
Indications by Length for Each Reduction 
Ratio — Sample Locations 1.5 and 1.6.

Number of Indications for Each
Reduction Ratio

Sample Location 1.6Sample Location 1.5
Flaw

Length (in.) 2:1 3:1 5:1 6:1 7:1 2:1 3:1 4:1 5:1

0.010 2 5 3 4 3 10 5 4 4
0.015 1 2 3 3 1 2
0.020 2 2
0.025 1 2
0.030
0.035
0.040

1

1

1
1

1 1

0.045
0.050

1
1

0.055 1
0.070
0.170

1
1

Total Length 
of Indications (in.) 0.13 0.235 0.10 0.075 0.075 0.50 0.095 0.04 0.07

Volume Inspected 
(in.3) x 103 7.3 7.5 7.3 5.5 8.1 9.5 7.5 3.8 7.0

Total Length Per 
Unit Volume
(in./in.3) 17.8 31.2 13.7 13.5 9.2 52.3 12.7 10.6 10.0
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Table A-2.6 Summary of Ultrasonic Results in Terms of 
Indications by Length for Each Reduction 
Ratio — Sample Locations 1.7 and 1.8.

Number of Indications for Each 
Reduction Ratio

Flaw

Sample Location 1.7 Sample Location 1,8

Length (in.) 2:1 3:1 4:1 5:1 2:1 3:1 5:1 6:1 7:1

0.010 6 19 3 5 21 30 4 2 2
0.015 - 3 8 14 17 2 1
0.020 2 7 7 7 1
0.025 2 3 2
0.030 5 3
0.035 3 3
0.040 1 1
0.045 1
0.050 1
0.055 2
0.060 2 2
0.065 2 1
0.070
0.075 1
0.080 1
0.090 1

0.105 1
0.190 1
0.255 1

Total Length
of Indications (in.) 0.195 1.125 0.03 0.065 0.63 1.89 0.05 0.02 0.055

Volume Inspected
(in.3) x 103 9.14 6.4 7.1 6.7 8.8 8.2 6.7 8.7 5.6

Total Length Per
Unit Volume
(in./in.3) 21.3 175.0 4.2 9.7 71.9 229.6 7.4 2.3 9.8
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Figure A-l.l Schematic showing the zone of ultrasonic 
inspection in the threaded end of a fatigue 
specimen.
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Figure A-2.1 Ultrasonic C-scan image of part of a fatigue 
specimen. Note the image of the center 
drill at the top.

3962 
140



a

"il1

Figure A-2.2
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Enlarged ultrasonic C-scan image of one end 
of a fatigue specimen. Points a and b 
indicate images of inclusion and porosity 
respectively.
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Figure A-2.3 SEM micrographs showing the porosity and 
inclusion detected ultrasonically.
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Equiaxed Zone

Columnar Zone

Chill Zone

Figure A-2.4 Schematic of transverse section of 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet showing areas sampled for rolling 
experiments.
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Figure A-2.5 C-scan images of the threaded end of fatigue 
samples from location 1.4 of the 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet.
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Figure A-2 6 C-scan images of the threaded end of fatigue 
samples from location 1.1 of the 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet. 4^ 

(JI



I
200000

(Z) 
Id
O 
> 
O

Id 
or 
ZD

O

150000

100000

50000 -

COLUMNAR IMPINGEMENT

0

REGION 1.1

REGION 1.4

1 2 3 4 5 6 7 8
REDUCTION RATIO

Figure A-2.7 Low cycle fatigue results of samples from 
region 1.1 and 1.4.
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Figure A-2.8 C-scan images of the threaded end of fatigue 
samples from location 1-2 of the 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet.
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Figure A-2.9 C-scan images of the threaded end of fatigue 
samples from location 1.3 of the 150 x 152 
mm (6 x 6 in) vertically cast, unstirred 
billet.
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Figure A-2.11 C-scan images of the threaded end of fatigue 
samples from the equiaxed zone location 1.9 
of the 150 x 152 mm (6 x 6 in) vertically 
cast, unstirred billet.
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Figure A-2.12 Low cycle fatigue results of samples from 
region 1.9, equiaxed zone. tn
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Figure A-2.13 C-scan images of the threaded end of fatigue 
samples from location 1.5 of the 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet.
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Figure A-2.14 C-scan images of the threaded end of fatigue 
samples from location 1.6 of the 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet.
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Figure A-2.15 C-scan images of the threaded end of fatigue 
samples from location 1.7 of the 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet.
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Figure A-2.16 C-scan images of the threaded end of fatigue 
samples from location 1.8 of the 150 x 152 
mm (6x6 in) vertically cast, unstirred 
billet.
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Figure A-2.17 Low cycle fatigue results of samples from 
regions 1.5, 1.6, 1.7, and 1.8.
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Figure A-2.18 Ultrasonic results from tensile grip ends 
including all regions and reductions from 
the 150 x 152 mm (6x6 in) vertically cast, 
unstirred billet.


