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ABSTRACT

A thorough literature review was made of changes in
the mechanical properties of strand cast steel with the hot
reduction ratio. Torsional fatigue was found to be an area
of mechanical testing which lacked sufficient data;
however, the available data indicated an improvement in
torsional fatigue performance with increasing hot
reduction. This reflects users’ requirements for strand
cast steel having a minimum acceptable hot reduction for
critical applications such as torsional fatigue. Torsional
fatigue tests and structural analyses were conducted on a
single heat of strand cast AISI 4140 which had been
aluminum kflled. The steel was tested in the as-cast
condition and at hot reductions of 2:1, 4:1 and 10:1.

The structure of the steel was examined at both
macroscopic and microscopic levels. The macroscopic
examination revealed inhomogeneous deformation during
reduction from a square billet to a round bar. This was
evidenced by the clover leaf shape of the equiaxed region
on the transverse section. Magnetic particle examination

of the billets faces revealed cracking in the equiaxed
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region after the 2:1 reduction, and healing of these cracks
by the 10:1 hot reduction. Microscopic examination of
these indications showed them to be associated with large
clusters of aluminum oxide inclusions. Because of these
indications in the equiaxed region, a8ll specimens for
mechanical testing were taken from the columnar region.

The scanning electron microscope was used to prepare
histograms of inclusion shape and size distributions for
the as—-cast steel and hot worked specimens from the regions
that mechanical test specimens were cut. These histograms
quantified the elongation of sulfide inclusions with
increasing hot reduction.

The mechanical testing included charpy v-notch,
tensile, and torsional fatigue tests on specimens from the
columnar region. The longitudinal axes of all test
specimens were oriented parallel to the longitudinal axis
of parent billets, and all specimens received the same
normal ize, austenitize and quench, and 1100 degrees
Fahrenheit (600 degrees Celsius) temper heat treatment.
This heat treatment produced a hardness of Rockwell C 32.

The results of the charpy v-notch tests showed an
almost 2 fold increase in the impact energy absorbed in
going from the as cast to the 10:1 hot work reduction. The

tensile tests showed little change in yield strength and
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UTS; but the ductility as measured by the reduction in
area, elongation to fracture and true stress at failure
increased with increasing hot reduction.

TJorsional fatigue tests were carried out using a
fixture designed to convert the force of an MTS axial load
frame into a torque applied to the fatigue specimen. Fully
reversed tests were conducted at four different strain
levels using displacement control. The load was monitored
using a PDP-11 computer, and tests were terminated when the
monitored load dropped below a present level. The
monitored load was plotted versus the logarithm of the
accumulated cycles. The resultant curve had a 1inear
downward sloping region attributed to c¢cyclic softening of
the material, and a second region of rapid deviation from
the linear because of a rapid load drop caused by the
presence of a crack. The first cycle at which the
monitored load deviated from the linear region of this
curve was interpreted as the point at which an engineering
sized crack was initiated. No conclusions could be drawn
as to the influence of hot work reduction ratio on the
cycles to crack initiation; however, hot reduction did have
an influence on the materials behavior once a crack was
initiated. Monitored load for the as cast materials

dropped rapidly once a crack was initiated, but the load
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drop in wrought materials was less rapid. This reflected a
change in crack modes with increasing reduction.

Final failure in all as-cast specimens was caused by a
circumferential crack. In the as-cast high cycle
specimens, "X" shaped cracks were initiated at pores.

Crack initiation in as-cast low cycle specimens was at
surface roughening which corresponded to the residual
solidification structure. These modes of fracture are
contrasted to the 10:1 specimens, in which the cracks
initiated at elongated clusters of oxide inclusions. In
the 10:1 specimens final failure was due to longitudinal
cracks in low cycle specimens, and longitudinal cracks that
branched along planes of maximum normal stress in high
cycle specimens. This reflects a change in crack

morphology with increasing hot reduction.
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CHAPTER 1
INTRODUCTION

I.A Introduction

Over the past 20 years, the steel industry has moved
toward continuous casting as a more energy efficient and
productive method of production than ingot teeming.
Continuous casting has eliminated the material waste
associated with cropping of teemed ingots, as well as the
energy required to roll these billets down to usable
sizes. The potential short fall of the continuous casting
process is that insufficient hot work may lead to poor
mechanical properties. The variation of steel quality as a
function of the degree of hot reduction needs to be
investigated. In 1979 16.7% of the steel output in the
U.S. was strand cast, and in the future this figure is
expected to reach 90%. As the technology improves, higher
grades of steel are being strand cast (l1). Thus, strand
cast steels have been able to penetrate moﬁt markets, and
may be substituted at a substantial savings for most
applications (l1). The notable exceptions to its lack of

market penetration include applications such as axles,
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springs and torsion bars. Users are particularly reluctant
to use continuously cast steel in applications that require
good torsional fatigue resistance (1).

The amount of deformation in hot roiling is often
expressed as the hot work reduction ratio. This is defined
as thé original as-cast cross sectional area divided by the
cross sectional area of the wrought finished product. The
finished product from a conventionally cast ingot normally
has a reduction ratio on the order of 100:1, whereas a
finished product from a strand cast billet may have a
maximum reduction ratio of about 50:1.

A thorough understanding of the effects of the hot
reduction ratio on strand cast steel requires an
understanding of the continuous casting process and the
relations between casting variables and the structure and

properties of the final product.

I.B Strand Casting

Figure 1 shows a schematic illustration of a
continuous caster. The tundish is continuously fed by the
ladle, and ligquid height in the tundish controls the flow
of the liquid metal into the water cooled copper molid. The

mold is tapered to maintain better contact with the
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surface of the billet as it solidifies and contracts. Mold
oscillation paraliel to the direction of billet movement
prevents sticking. Further cooling below the mold is
provided by high velocity water jets. Multiple strands are
usually cast from the same tundish because of the slow
casting speed.

Sir Henry Bessemer is considered to be the first to
suggest producing a continuous strand of solid steel
directly from the liquid state (2). In Bessemers model
liquid metal was poured between two water cooled rolls.

The first strand casting machine in North America was
started in January 1954, at the Atilas Steels plant in
Ontario, Canadae (l1). This was a vertical casting machine
in which the liquid metal was poured into a straight
vertical mold. In plants of this type the major costs were
the pits and/or the large buildings needed to house them.
Today’s casters may be one of three types. The first is a
curved mold machine, shown schematically in Figure 1. In
this configuration the strand is cast with a radius of
curvature, and it is straightened prior to cropping and
rolling. In the second design, the strand is cast
horizontally, and no straightening is required. Horizontal
casters require less space than the curved mold machines,

and hence they are less expensive.
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The third configuration is a rotary continuous casting
machine in which the steel is vertically cast into a
rotating round moid. This configuration is expensive
because of the tall buildings and deep pits required;
however, the high capital cost is offset by the high
quality of the steel produced. The improved
characteristics are a fine uniform grain structure on the
surface, and the concentration of inclusions along the
billet centerliine by the centrifugal force.

Billets cast by all of these configurations have
similar characteristics. Their structures are typical of
high heat transfer solidification, reoxidation products are
entrapped, and the hot rolling reduction ratio is much
smaller than that for teemed ingots. The objective of this
study is to investigate the influence of the hot rolling
reduction ratio on the structure and mechanical properties
of strand cast steel. Particular attention will be paid to

torsional fatigue properties.

I.C Solidification Structure of Strand Cast Steel

The solidification of continuously cast billets is
similar to that of ingots or sand castings (3).
Conventional steel castings have a solidification structure

that is made up of a chill zone with random
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dendrite orientations, a columnar zone in which dendrites
are oriented in the direction of the thermal gradient, and
an equiaxed zone near the center where dendrites are
randomly oriented.

Figure 2 is a schematic illustration of a transverse
section of a typical strand cast billet. The
solidification process begins when the molten metal comes
into contact with the water cooled copper mold. Here the
high cooling rate causes the nucleation of many small
grains with random orientations to form an outer equiaxed
zone. This outer equiaxed zone forms the shell required to
contain the liquid metal when the billet exits from the
mold. Mold oscillation is used to brevent sticking and to
provide movement between the casting surface and mold wall.

With increasing solidified thickness the structure
becomes dendritic and dendrites grow aiong the preferred
<001> growth directions. Equiaxed grains with growth
directions aligned paraliel to the direction of heat flow
have higher growth rates and dominate the solid liquid
interface. This leads to the formation of a columnar zone
in which columnar dendrites have growth directions paralilel
to the thermal gradient.

At the center of the casting an equiaxed zone forms as

a result of growth of the detached dendrite arms in the
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remaining, sliightly-undercooled liquid (3). Since the heat
sink for the equiaxed grains is the supercooled melt, grain
growth is random and results in equiaxed dendrites. The
equiaxed region near the billet centerline is the last to
solidify and as such may contain centerline segregation and
porosity.

The extents of the equiaxed and columnar regions are
influenced by: the thermal gradient (G), the solidification
velocity (R), the presence of the peretectic reaction, the
superheat, and the extent of deoxidation. Increasing the
G/R ratio increases the extent of the columnar region by
limiting nucleation ahead of the solid/liquid interface
(4). The peretectic reaction influences the extent of the
columnar region because of the difference in the solubility
of substitutional solutes between the delta ferrite and
austenite phases. This changes the extent of
microsegregation, the degree of constitutional
supercooling, and the probability of nucleation events
ahead of the solidification front. For plain carbon steels
the peretectic reactions occur for carbon levels below 0.5%
(4). For AISI 4140 the limiting carbon level for the
peretectic is not known, but it is assumed to be near 0.5%

C.
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An increase in the superheat has been found to
increase the extent of the columnar region, and decrease
the extent of the equiaxed region (5). The higher
temperature in the liquid tends to retard the nucleation of
equiaxed dendrites ahead of the solid-liquid interface.

The use of electromagnetic stirring tends to promote the
formation of equiaxed dendrites and decrease the extent of
the columnar region. Electromagnetically induced flow
tends to break off dendrite arms which grow into equiaxed
dendrites in the liquid ahead of the solidification
interface (3). A final process variable which influences
billet macrostructure is the extent of deoxidation (3).
Non-metallic inclusions in the liquid provide nucleation
sites for equiaxed dendrites ahead of the solidification
front.

There are numerous defects which may occur in strand
cast steel. Mold warpage, thermal stress and early rolling
passes may cause rhomboid or oval billets. These phenomena
are sometimes associated with halfway cracks, hinge cracks,
diagonal cracks, transverse facial cracks, transverse
corner cracks, longitudinal facial cracks and longitudinal
corner cracks. Defects associated with the billet
centerline include: centerline porosity, centerline

loosness, centerline segregation, centerline rupture and
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centerline star cracks. Surface defects include the afore
mentioned cracks and tears, pinholes and entrapped slag
(6).

Second phase particles have long been known to affect
the initiation and propagation of fatigue cracks, and to
increase the scatter of fatigue test data. A majority of
the non-metaliic inclusions found in steel are the product
of deoxidation practice in which reactive elements are
added to lower the oxygen solubility in the system by
forming of oxide phases which are more stable than iron
oxide. At steel making temperatures the deoxidation
products are crystaliine solids such as aluminum oxide, or
glassy oxides such as the silicates, or immiscible
liguids. In the case of deoxidation with manganese and
silicon, the composition can be changed to produce a solid
or a moiten product. If the temperature remains constant,
and no more oxygen is added to the system, the deoxidation
products float to the top where they may be removed.
Because of their small size, however, the upward velocity
of inclusions is limited by Stoke’s law. If the
temperature of the liquid is decreased the oxygen
re—-equilibrates, and more deoxidation products form as the
system reaches a new equilibrium. Those oxides that form

early have a higher probability of floating to the
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surface, but those formed during solidification tend to
become trapped between dendrite arms. Oxides with their
higher melting point may form prior to sulfides.
Coarsening of the oxides has been reported to be by an
aglomeration mechanism which forms oxide clusters (7).
Analysis of these clusters by another investigator has
shown that they are normally gquite small and appear to
consist of individual particles. However, when extracted
from the metal matrix, the clusters were found to.have
connected arms and branches (8). These oxides may provide
nucleation sites for sulfides and inclusions may be found
which consist of oxides coated by sulfides.

Ladle metallurgy is an important aspect of the strand
casting process. Samples from the ladle are analyzed prior
to casting its contents, and the results of this analysis
are used to control alloy additions, deoxidation procedures
and degassing procedures. These operations are normally
performed in the ladle in order to insure the highest
quality steel possible. Even with the best ladle
metal lurgy, however, reoxidation between the ladle and the
mold may cause oxygen pickup (8).

Reoxidation occurs between the tapping of the ladle
and the solidification of the strand. This happens most

rapidly when the molten stream comes into contact with
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oxygen in the air. An increase in stream turbulence
exposes more surface area and increases the extent of
reoxidation. Reoxidation can be controlied by shrouding
and reduction of turbulence. Because of the billet
velocity, the rapid solidification and lack of any
mechanism to remove reoxidation products, the reoxidation
products get trapped within.the steel. These inclusions
have a detrimental effect on the mechanical properties.
One user of strand cast steel has specified that evidence
of reoxidation products in any portion of a heat is cause
for rejection of the entire heat (6).

Microsegregation and macrosegregation are
solidification related defects which occur in continuously
cast billets. Commercial steel alloys exhibit dendritic
solidification, in which the substitutional solutes
segregate to the interdendritic liquid. Microsegregation
occurs between dendrites and along columnar grain
boundaries. Segregation at columnar boundaries is often
referred to as ingotism, and it can account for poor
mechanical properties of cast microstructures.
Macrosegregation is produced by the fiow of solute enriched
liquid in the mushy zone. Fluid flow in continuousiy cast
billets can be caused by buoyancy forces or by fluid flow

to feed shrinkage. Highly segregated
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liquid may cause remelting and channel segregate formation.

An increase in the ltength of the columnar zone is
likely to increase the potential for macrosegregation
caused by fluid flow, and this can cause surface or
centerline segregation. Macrosegregation can be limited by
decreasing the extent of the columnar zone and increasing
the size of the equiaxed zone.

Electromagnetic stirring can be used to modify the
structure without changing the composition or the degree of
superheat. The quality of strand cast products is
increased by the use of electromagnetic stirring (EMS) to
control the size of the mushy zone. This can so change the
solidification conditions such that the mushy zone can be
considerably reduced or even eliminated (9). EMS also has
a beneficial effect on the size and distribution of
inciusions.

The two modes of electromagnetic stirring are axial
and rotational (horizontal). Both modes can affect the
required columnar to equiaxed transition. Velocity of
rotary stirring is limited by the strength of the
solidified shell; however, rotary stirring is more easily
implemented than is the axial mode.

Hot rolling, does not eliminate the macrostructural

features of the as cast billet, but it does convert the
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cast structure to a wrought product, with improved

properties. The Forging Industry Handbook characterizes

cast structures by grain size and shape, porosity, degree
of segregation, and the inclusion content (10). The grain
size in forging billets is controllied by recrystallization
which occurs during hot-rolling and heat treatment.
Porosity may be caused by solidification shrinkage or by
gas evolution, and it may be found in both the columnar and
equiaxed regions. It has been reported that porosity will
be welded shut after a hot reduction of 4:1 (11). Hot work
reduction is expected to have little effect on
macrosegregation due to the great diffusion distances
involved; however microsegregation may be reduced by hot
rolling because of the compression of the residual
solidification structure, and the increase in diffusion due
to the added heat of hot rolling (10).

Non-metallic inclusions are the most important
microstructural component from a torsional fatigue
standpoint. The‘inFluence of hot reduction on inclusions
depends on whether or not they may be deformed
plastically. Manganese sulfides deform during hot work and
form elongated stringers. Refractory oxide inclusions such
as aluminum oxide are friable and form discontinuous

stringers (10). Other oxides may retain their shape.
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Often oxides are encapsulated by a coating of manganese
sulfide. In this case the sulfide coating elongates, while

the hard inner oxide retains its original shape.

1.0 Fatigue

The characteristics of the cast structure and how they
are influenced by hot work have been reviewed above. In
this section the mechanical properties of continuous cast
material, with emphasis on fatigue are reviewed.

Mechanical properties»of steel are a complex function of
chemistry and heat treatment and depend on the final
microstructure along with the inclusion distribution.
While strength depends primarily on the microstructure,
often the fatigue resistance and fracture toughness are
influenced by the inclusion structure. In the following
section, many of the factors that influence fatigue
response will be reviewed.

Fatigue is generally considered to be made up of three
stages. Stage 1 is the nucleation or initiation stage in
which a crack is incubated. Stage Il is the growth stage
in which stable crack propagation occurs. Stage II1l is
when the crack grows to a critical size and finally

fractures. It has been shown that in almost all Fatigue
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failures most of the lifetime is spent in the initiation
and slow growth stages (12).

Crack nuclieation which occurs primarily at the surface
is greatly influenced by singularities such as surface
defects and surface inclusions in the material. As the
cast structure is converted to a wrought structure many of
these characteristic singularities change. This section
reviews the theoretical aspects of fatigue crack initiation
and the peculiarities of the torsional stress state.

Fatigue initiation is associated with singularities at
or near the surface and the magnitude of the imposed cyclic
load (12). These singularities which act as stress
concentrators may be inclusions, scratches, pits or grain
boundaries. The size of the singularity will affect its
influence on fatigue initiation. Above a critical
threshold size, the greater the size of the singularity the
greater its influence on fatigue crack initiation. The
nature of fatigue crack initiation is influenced by the
magnitude of the cycled load.

In high cycle tests i.e. tests with low load amplitude
and fatigue lives greater than 50,000 cycles, slip lines
develop at the surface due to localized surface deformation
in the first few hundroed cycles. With continued

cycling, intrusions and extrusions develop which eventually
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nucleate a crack on the maximum shear plane. Extensive
slip line development has been associated with persistent
slip band formation (13) and depends on the magnitude of
the reversed shear stress on the active slip planes (14).
Intrusions and extrusions are structural features, unique
to fatigue, and appear as ridges, grooves and general
surface roughening. The most popular suggested mechanism
for the formation of slip band intrusions and slip band
extrusions is the one by Cottrel and Hull (15) based upon
the interaction of 2 slip systems. W.A. Wood suggests
another mechanism based on continued deformation by fine
increments of slip for intrusion and extrusion formation
(16).

In contrast to the low strain-high cycle tests, in
samples deformed at high imposed strains, with associated
low fatigue lives, deformation is uniform. As a result, a
dislocation cell structure develops without localized
surface persistent slip bands and crack nucleation is often
associated with grain boundaries and other inhomogeneities
(13).

While most of the fundamental studies on fatigue crack
initiation have utilized single crystals or single phase
poly crystals, nucleations at slip band intrusions and

extrusions have also been observed in guenched and tempered
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steel (17). Furthermore, localized deformations which
interact with surface inclusions further enhance crack
nucleations.

In fatigue, it is generally considered that crack
nucleation (or Stage I crack growth) is a process of slip
and therefore restricted to planes at a 45 degree angle to
the applied tensile stress axis. As the crack grows it may
switch directions to follow a path normal to the applied
tensile stresses. This is associated with Stage 11 crack
growth and is characterized by the presence of striations
on the fracture surface (13). This transition from Stage I
to Stage Il is different in torsional fatigue than uniaxial
fatigue. This is due to the difference in stress states in
the two diFFerent loading conditions as will be

demonstrated in the next section.

I.E Torsional Stress State

Previous studies in torsional fatigue have primarily
been used to correlate multiaxial fatigue data with
uniaxial fatigue (18). In multiaxial fatigue the stress
state is complex and is often described with unifying
stress functions such as the octahedral shear stress or the
effective stress (18). However in addition to a

description of the complex stress state, there are
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additional factors, related to fatigue crack nucleation and
growth in torsional fatigue. As a result torsional fatigue
is a good measure of the effects of hot work reduction
ratio on strand cast steel.

Stress states in tension and torsion are contrasted in
the Mohr’s circles presented in Figure 3. As summarized by
Breen and Wene, (19) torsional fatigue puts a member in a
ductile state of stress, with a tensile/shear stress ratio
of 1 or zero hydrostatic stress (Figure 3). Tensile
loading puts the member in a potentially brittle state of
stress with a tensile/shear stress ratio of 2 or with a
positive hydrostatic stress equal to the magnitude of the
shear stress (Figure 3). Since fatigue has both an
initiation and a propagation stage, the role of the tensile
and shear stresses must be considered independently.
Fatigue crack initiation is the result of plastic flow
along shear planes, controlled by the shear stress, whereas
propagation may be on either shear or principal stress
planes. Under torsional loading the initiation stage may
be substantial, contrasted to a tensile state of stress
where the initiation stage is small and crack propagation,
normal to the maximum tensile stress, is significant. Thus
the fatigue crack path under torsional loading should be

more sensitive to changes in the mechanisms of crack
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initiation in going from the cast to wrought state. These
aspects of fatigue and stress state produce crack modes
pecul iar to torsional fatigue and described below. The
imposed stress state also results in the development of
different crack geometries depending on the deformation
mode. The three classical crack deformation modes are
summarized in Figure 4. In the crack opening mode, or Mode
1 crack the crack front is moving in a plane that is normal
to the applied stress. The next mode is called the forward
shear mode, or Mode Il crack. 1In this crack , a shear
stress is applied normal to the leading edge of the crack,
but in the plane of the crack. The parallel shear mode or
Mode 111 crack is from shear stresses applied parallel to
the leading edge of the crack.

As indicated above, fatigue crack initiation is
confined to planes of maximum shear stress. To determine
the orientation of fatigue cracks in torsional fatigue of
smooth samples, consider the series of schematic drawings
presented in Figure 5. In Figure 5(a), the orientation of
the maximum tensile and shear stress are indicated. The
maximum shear planes are either perpendicular or parallel
to the sample axis while the maximum tensile planes are 45
degrees to the sample axis. For the smooth torsional

fatigue specimens used in the present test, this means that
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all nucleating cracks will either have a longitudinal or
circumferential orientation with respect to the specimens
axis, as shown in Figure 5(b). A crack that forms due to
shear, will be Mode 11l along the surface and Mode 1] into
the specimen. Another way of considering the crack is to
compare it to one half of a dislocation loop in which the
surface portion is pure edge (Mode 111) and the deepest
portion of the crack pure screw (Mode 11), with the
remainder of the crack being mixed screw and edge. As
previously mentioned in torsional fatigue the transition
from Stage I fatigue (initiation on planes of maximum
shear) to Stage Il (crack growth phase) is different from
the uniaxial case. The uniaxial case will always initiate
on planes of maximum shear and grow on planes of maximum
normal stress. But in torsional fatigue, cracks may
initiate and grow on the same initiating planes of maximum
principal shear. The transition from initiation mode or
mixed Modes 11l and 111 along planes of maximum shear to
Mode 1 on planes of maximum normal stress has been reported
to only occur on high cycle fatigue specimens (20).

When the crack makes the transition from planes of
maximum shear to planes of maximum normal stress, it also
makes a transition from mixed mode (Mode Il and Mode I11),

to mode 1 under a torsional stress state. This transition
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from the maximum shear plane to the maximum normal plane is
marked by a 45 degree fork in the crack growth, with the
crack growth orientations illustrated in Figure 5(c). This
produces the familiar helical fracture surface typical of a
failed coil spring. Under fully reversed loading, not the
unidirectional loading of a spring, the cracks form "Y’s".
1t has been noted that if the origin of the crack is a
round stress concentrator, such as a hole, the crack will
originate on planes of maximum normal stress as in Figure
5(c) (21,22).

Again the effects of the magnitude of the applied
strain have an influence on the nature of the incubation of
cracks. In tests conducted by Hurd and Irving (20) on
smooth torsional fatigue specimens of medium carbon steel
at high strains more cracks formed and at failure the
cracks remain upon the planes of maximum shear stress. At
lower strain levels usually only one major crack forms and
makes the classical branching from planes of maximum shear
to planes of maximum normal stress. The transition in this
sort of behavior is reported as being approximately at a

shear strain of .006 (20).

I1.F Review of Previous Studies

The influence of the hot work reduction ratio on
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torsionatl fatigue life has been the subject of several
studies. The following discussion incliudes only the
sources that were of specific interest to this
investigation.

A paper by Robert H. McCreery titled, "The Effects of
Reduction on a Minimill Steel”, (23) has received
considerable attention. The study compared the fatigue
strength and mechanical properties of strand and ingot cast
AISI 8620 steel. The heat treatment consisted of an oil
aquench followed by a 400 F (205 C) temper. Tests performed
were R.R. Mohr rotating beam fatigue tests as well as
tensile and charpy V- notch tests. Four conclusions were
drawn from this work. First, tensile properties are
affected very littie by the amount of reduction from the
cast biliet. Second, impact toughness increases with
increasing reduction. Third, fatigue resistance increases
dramatically with increasing hot reduction. And lastly, in
a forging, reduction varies widely and may not produce the
required property effects in forgings made from low
reduction bar. This article was not well accepted in the
steel industry, because many felt that the comparison was
not valid. For example, the ingot cast steel was much
cleaner than the strand cast steel it was compared with.

Another article from Metals Progress
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titled, "Reduction Ratios in Continuous Casting: How
important are they?" (11), evaluated the influence of the
hot reduction ratio on the properties of continuously cast
steel. This work emphasized the importance of steelimaking
practice and intended application in determining an
adequate reduction ratio.

Other papers which compare the properties of strand
cast steel to ingot cast steel conclude that properly cast
strand cast steel performs as well as, if not better than,
ingot cast steel (24)(25). Gulden et. al. (26), compared
ingot cast steel with strand cast steel produced over a
range of processing conditions for automobile axle
applications. The experimental evaluation included both
laboratory testing of notched specimens and service testing
of automobile axles. The results showed no significant
change in properties with casting procedures. The strand
cast material had a reduction ratio of approximately 50:1.
Wojcik compared the torsional fatigue properties of ingot
cast steel with strand cast steel at different hot
reductions (27) Process variables such as casting
temperature and rolling reduction were evaluated using an
AISI 5140 ailuminum killed steel. Torsional fatigue tests
were performed using an axial MTS machine with a fixture to

convert axial force to the applied
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torque on the specimen. The results show that fatigue
performance improved with decreasing casting temperature
for the strand cast material. Further, continuously cast
steel produced at a low casting temperature performed
better than the ingot cast steel; while steel continuously
cast at a high temperature showed lower performance than
the ingot cast material.

Forge-rolling on the G.F.M. mill was found to improve
the torsional fatigue performance of the steel compared to
that of conventionally rolled bars. Higher reduction in
area during forge-rolling appears to improve the torsional
fatigue performance as well. The study of the influence of
the reduction ratio on properties concluded that torsional
fatigue life increases with reduction ratio. The test
fixture described in this investigation was the basis for
design of the fixture used in the present studies.

Exact procedures for torsional fatigue tests are not
as well documented as they are for uniaxial fatigue tests.
One source that provided consistent testing procedures was

ASTM STP 853, Multiaxial Fatigue. One article by Williams

et. al. titied, "Biaxial Torsional Fatigue of Turbine
Generator Rotor Steels" (28) was of particular help in the

present work. The work reported in
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this paper was carried out by the Large Steam
Turbine-Generator Division of General Electric. The
objective was, to build up a torsional fatigue data base
for the design of turbine generator shafts. The steels
used were vacuum treated steels, and they were
representative of rotor materials used by present-day large
steam turbine-generator manufactures. The specimens used
were thin walled and solid 25.4mm (1 inch) diameter smooth
specimens.

William’s work was especially helpful in prov%ding a
basis for the test procedure. The tests were carried out
using a servo-controllied electrohydraulic test machine.
Torsional tests in the linear elastic range for the outer
surface stresses were run in torgque control. Tests in
which plastic strains were significant were run at a
constant strain, with torque monitored throughout the
test. The torque ranges for strain controlled tests were
plotted on semilogrithmic paper with an expanded torque
range scale. For strain softening materials the torque
range was found to decrease linearly with the logarithm of
accumulated cycles. After a certain number of cycles, a
change in the slope of the line is found. This was caused
by the presence of a crack which changed the load bearing

capacity of the specimen.
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These and other sources provided a foundation for the
procedures which were followed in the present
investigation.

The results of these investigations pointed to
torsional fatigue as a variable sensitive to the degree of
hot reduction for strand cast steel. The objective of the
experiments carried out in this study was to relate changes

in structure to changes in mechanical properties.
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CHAPTER 11
I1 EXPERIMENTAL PROCEDURE

I1.A Experimental Theory

The purpose of this investigation is to evaluate the
influence of hot work reduction ratio on torsional
fatigue. To accomplish this, a preliminary analysis was
made of the macro-structural changes with reduction ratio
to plan the fatigue tests. Inclusions have been recognized
as having an important influence on fatigue; inclusions
from the regions to be fatigue tested were examined using
the SEM to quantify size and shape distributions. Tensile
and charpy v-notch impact tests were also performed for
correlation with the torsional fatigue tests. Chemical
analysis by emission spectroscopy were used to evaluate

macrosegregation of alloy elements.

IT.B Materials

The steel used in this investigation, was supplied by
the Timken Co. All of the steel wés from a single heat of
aluminum killed AISI 4140 steel produced for the evaluation

of alloy steel strand casting. The billets were cast in a
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curved mold machine, with electromagnetic stirring just
below the mold. The ladle chemistry for this heat of steel
is shown in Table 1I.

Specimens were supplied in the as cast condition and
at hot reductions of 1.5:1, 2:1, 4:1, 6:1 and 10:1. The
steel in the as cast cond%tion was a8 6 3/4" square by 5’
long billet. The first reduction was in the form of a 5" X
4 3/4" square billet. The next reduction was a round
corner billet with a reduction ratio of 2:1. This was the
first pass converting the square to a round. The remainder
of the reductions supplied were round bar stock which had
diameters of 3 3/4" (4:1 reduction), 3 1/8" (6:1
reduction), 2 3/8" (10:1 reduction). It was decided to
conduct torsional fatigue tests only on the as cast billet,
and the 2:1, 4:1, and 10:1 reductions. The tensile and
charpy impact tests were performed on the as cast, 4:1 and
10:1 reductions.

Macrostructural inspection was carried out on
longitudinal and transverse sections. These were ground
and examined by mégnetic particle inspection. Any
indications found were circled with a metal scribe. The
ground sections were macro etched, using an ammonium
persulfate solution.

The mechanical tests to evaluate the effects of hot
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TJABLE 1

Ladle chemistry of the heat of

33

AIS] 4140 steel used in this investigation

(in weight percent)

0.40 0.90 0.25 1.01 0.20

Al P s

0.023 0.013 0.010

0.21
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reduction on the properties of the steel were conducted on
samples from the columnar and residual columnar region.
The columnar region is more likely to make up the outer
surface of a component under a torsional load, and it
provided a constant base structure to evaluate the effects
of the hot work reduction ratio. The columnar region,
however, did not contain the large reoxidation products
that were found to plague the equiaxed region.

The longitudinal axes of all specimens were oriented
parallel to the rolling direction of the material. Figure
6 shows schematically where the specimens were blocked out
of the transverse face of the different reductions. All
parent bars had their ends macro-etched to assist in
locating the residual columnar region. Sample position in
the bars were noted. Scrap from sectioning was marked,
recorded and saved. Specimens were blocked out in 3/4" X
3/4" X 6" bars for heat treatment.

AlISI 4140 is a high strength heat treatable steel.
All blanks were normal ized, austenitized, quenched and
tempered prior to machining. Normalizing was done at 1600
degrees Fahrenheit (860 degrees Celsius) for 1.5 hours,
followed by an air cool. Austenitizing was done at 1550
degrees Fahrenheit (845 degrees Celsius) again for 1.5

hours, followed by quenching in oil, and tempering was done
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at 1100 degrees Fahrenheit (590 degrees Celsius), for 2
hours followed by a water quench. The 3/4" X 3/4" X é"
bars had holes drilled through one end and were hung on
wires for heat treatment. Micrographs of the heat treated
steel are shown in Figure 7. All heat treatment was
conducteﬁ in salt pots to minimize mill scale formation.
The oil quench and temper resulted in specimens with a

hardness of Rockwell C 32.

IT.C Inclusion Analysis

Inclusions have been shown to have an influence on
fatigue properties. For the steel used in the present
tests the changes in inclusion size and morphology with
reduction ratio were quantified. Specimens were taken from
the same areas as the specimens for mechanical testing to
provide both longitudinal and transverse sections. Care
was taken in the final polishing not to pull out any
inclusions. The specimens were analyzed in the Colorado
School of Mines JEOL JXA-840 Scanning Micro-Analyzer (SEM)
énd the TRACOR NORTHERN TN-5500 X-Ray Analyzer with a
Particle Recognition and Characterization (PRC) program.
For the analysis inclusion dimensions were measured and an
X—Ray spectrum acquired. The program calculated the

maximum, minimum and average diameters, of the inclusions
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with initial identification numbers and hole for heat
treatment parted from the machined piece. Gage sections of
specimens were ground using disks of metallographic quality
silicon carbide grinding paper, in a hand held die grinder
while the specimen was turned in a tathe. The die grinder
operated at 25000 rpm. First a 400 grit paper was used
grinding in one direction and then a 600 grit paper in the
other. Care was taken to avoid any abusive grinding, and
new disks were used on each specimen. After grinding,
specimens were first polished using a 6 micron diamond
paste with strips of lapping cloth while being turned on
the lathe. Further polishing was done with a 3 and 1|
micron aluminum oxide polishing compound. Selected
specimens which were used in conjunction with the replica
analys!s discussed below, were polished using a 0.01 micron
aluminum oxide polishing compound. During all polishing,
steps were taken to avoid contamination. Prior to testing,
specimens were examined for scratches under a stereoscope
at 10X magnification. Prior to testing, surfaces of the
specimens were coated with a rust inhibitor, to prevent
oxidation during storage.

Torsional fatigue tests were conducted on a special
torsional fixture which was designed for this study and

which was adapted to a 20 kip MTS load frame equipped with
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a 10 kip actuator. The fixture is shown schematically in
Figure 9. In this system the axial actuator displacement
is converted to torsional displacement through a lever
arm. The fixture has a 1.5 inch lever a;m attached to a
3/4" drive shaft that is coupled to the specimen to be
torsionally fatigued. The shaft is supported by pillow
blocks on either side of the lever arm. Strain gages were
installed on the drive shaft between the pillow blocks and
coupler, and the strain measurements were used to insure
proper alignment of the fatigue specimen. The lever arm is
attached to a connecting rod that is attached to the axial
hydrautic actuator. Needle bearings are set in either end
of the connecting rod. Ground and hardened 3/8" diameter
steel shafts are set in the actuator attachment and lever
arm and run through the needle bearings in the connecting
rod. Needle bearings provide load transmittance with
minimum friction. Between the connecting rod and the
actuator is a load cell to monitor and control applied
load. The hydraulic actuator also has a LVDT to monitor
and control axial displacement.

From mechanics of solids for a cylindrical member of a
known diameter with a known applied torque the elastic
surface stress and surface strain may be determined as

summarized in the foliowing equations.
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T = Qv (elastic case)
Tr
T = —
max I
o)
_Tr
Ymax “T1_G
o]
; oart
p - 2
v - 2T
max HrEG
or
Y HF3G
T = max
2
where:
Ip = Polar moment of inertia
T = Torque
r = Radius of specimen
tmax = Maximum shear stress on
specimens surface
Ymax™ Maximum shear strain on surface

of specimen

6

G = Shear modulus 1! x 10" p.s.i.

(1)

(2)

(3)

(4)

(5)

(6)

(29)
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The majority of the fatigue tests were run in stroke
control which in turn controlled the total imposed shear
strain. The quenched and tempered 4140 steel cyclically
softened, and thus attempts to run in load control resulted
in an increase in strain, as much as 50%. At low stress
(or strain levels) cyclic softening was not observed and
some data or samples designated as "run-out" tests are
included.

As previously mentioned, fatigue tests were conducted
on an electrohydraulic servo controlled MTS testing
machine. Tests were set up and monitored using the
computer program in Appendix A. The control signal used
was a sine wave, and samplies were run in fully reversed
loading. To Initiate a test, a careful set of procedures
had to be followed in order to insure that the imposed
strain and/or torque was correct. First the diameter of
the specimen was measured using a micrometer and the
desired stress strain level and torque were calculated
using the equations indicated above. The specimen was
clamped into the fixture. Output of strain gages on the
drive shaft was monitored to insure a minimum of
misalignment. At a very low frequency (0.2 hertz) the
specimen was cycled one time in load control at.the desired

torque and the load displacement data were recordedg It was
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critical to record this first cycle or an erroneous set up
may result if the set up displacements were based upon
subsequent cycies, which had cyclically softened. The
control signal was then changed from load control to
displacement control. The frequency of the control signal
was also changed to the frequency used in the fatigue
test. Tests run at 0.005 shear strain were cycled at a
frequency of 7 hertz; at 0.006 shear strain, 3 hertz; at
0.007 shear strain, 2 hertz and at 0.010 shear strain, 1
hertz. With a set up routine in the computer program, the
test was set to run at the desired displacement. Then the
computer program was switched to a routine that monitored
the peak loads for the life of the fatigue test.

The computer used in setting up and monitoring the
fatigue test was a PDP-11. The PDP-11 interfaced to an
analog to digital converter that monitored and recorded the
peak loads through the life of the test. This data was
later analyzed to evaluate the cyclic creep behavior and
crack initiation. From the paper by Williams (28), it was
found that the peak loads of a fixed strain test yield
significant information on a materials cyclic behavior. In
this current investigations an analysis of the peak loads
was'used to determine the cyclic dependent damage which

accumulated in the sample. For samples which exhibited
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cyclic softening the load decreased linearly (on a load-1og
t plot) up until the point where significant cracking
developed at this point the sliope of the load-log time
curve changed. The computer program in Appendix B was used
to determine at which cycle this change in slope occured.
From this change in slope, failure was determined.

Specimens were tested at 4 different principal shear
strain levels: 0.005, 0.006, 0.007, and 0.010. Data pairs
of peak load and cycle number for each fatigue test were
stored in a file whose name identified the condition of the
steel and the level of the applied shear strain. This file
name was made of a five letter acronym which also
identified the test specimen. Table Il shows the test
matrix and acronym used to describe each combination of
reduction ratio and shear strain level for the tests run.
The first 3 letters of the acronym describe the condition
of the material (ASC as-cast, TWO 2:1 reduction,... ). The
last 2 letters describe the strain level tested (ON 0.005
shear strain, TW 0.006 shear strain,... ). Often duplicate
tests were run, these use the same system to designate
strain level and material, except they begin with a D.

On some of the torsional fatigue specimens, tests were
periodically interrupted to make surface replicas. To make

the replicas, the surface of the specimens were first



T-3439

TABLE 11

TORSIONAL FATIGUE TEST MATRIX
~ AND KEY FOR FILE NAME AND
TEST NAME

Applied Shear Strain

48

0.005 0,006 0.007 0.01

__ON TW TH FO
AS-CAST ASCON ASCTW ASCTH ASCFO
ASC__
2:1 Reduction TWOON TWOTW TWOTH TWOFO
TWO__
4:1 Reduction FOUON FOUTW | FOUTH FOUFO
FOU__
10:1 Reduction TENON TENTW TENTH TENFO
TEN
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cleaned by rinsing with acetone and then coated with methyl
acetate and a .00125" thick piece of acetyl celulose
surface. The acetyl celulose was wetted by the methyl
acetate just enough to make a replica of the surface. When
the replica was dry, it was lifted off by a piece of double
sticky scotch tape. The replica was stuck to a glass
microscope slide and labeled. The test was restarted, to
be stopped in the future to make another replica. Replicas

were then gold coated and viewed with the metallograph.
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CHAPTER 111

ITI. RESULTS AND DISCUSSION

ITT.A Structural Analysis

Analysis of the as cast and hot worked billet
struétures included: macrostructural analysis with an
ammonium persulfate etch, magnetic particle inspection on a
macroscopic and microscopic scale, microscopic analysis of
the solidification and austenite decomposition
microstructures, and analysis with the scanning electron
microscope to investigate segregation phenomena and
non—metallic incjusions.

Figure 10 is a macrograph of the solidification
macrostructure of a transverse section of the as cast
billet. The structure consists of: (1) a narrow chill zone
at the billet surface in which the fine, equiaxed dendrites
are randomly oriented, (2) a columnar dendritic zone which
occupies much of the billet cross section, and (3) an
equiaxed zone near the center of the billet. Figure 11
illustrates the transverse macrostructure of the billet

after a 4:1 reduction (Figure 1l1(a)), and a@a 10:1 reduction
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(Figure 11(b)). The hot reduction from a square to a
circular cross section causes the formation of a four-lobed
equiaxed region at the center of the billet. Thus, the
microstructure of the billet is not homogeneous, even after
hot working. This inhomogeneity was considered when the
billets were sectioned to Eroduce fatigue specimens. The
fatigue specimens were taken from the columnar region as
indicated by macroetching of the ends of the billet at the
end of the specimen grip section.

Magnetic particle inspection of the transverse face of
the as cast billet revealed corner cracking at one corner.
Visual inspection after a heavy ammonium persulfate
macroetch showed the cracks to be jagged with lengths of
about 3/4 of an inch (2 cm) and very small crack openings.
The cracks were confined to the interior of the billet, and
they were shown to be associated with columnar grain
boundaries.

The square, first reduction revealed no significant
indications; however, inspection of the 2:1 round corner
pass revealed jaggéd radial cracks. The same cracks were
observed in the 4:1 and 6:1 reduction specimens, but their
number and length decreased with increasing hot reduction
until they were eliminated at a hot reduction of 10:1.

These cracks were confined to the mid radius, and
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their jaggedness suggests intergranular cracking at
residual equiaxed grain boundaries. Cracking appears to
occur during the round corner pass. The large amount of
deformation in going from a square to a round cross section
apparently could not be accommodated by the structure. The
weaker regions at the residual eguiaxed grain boundaries
separated to cause cracking. In teemed ingots this
phenomena is often referred to as ingotism. The crack
surfaces were not oxidized, and they were able to heal upon
further reduction. This explains their disappearance by
the 10:1 reduction.

The radial cracking was investigated on a
microstructural level. Samples were sectioned from the
suspect regions and polished for evaluation by microscopic
magnetic particle techniques, optical microscopy, and
scanning electron microscopy. The microscopic magnetic
particle inspection was carried out under a microscope with
a ferro-fluid containing magnetic particles. Optical
microscopy of the as-polished surface revealed large
clusters of inclusions in the region of the indications.
Figure 12 shows an example of the inclusion clusters.

These will be sHown to be a factor in the nucleation of
torsional fatigue cracks.

In order to examine the solidification structure of
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VIII. Crack initiation is the cycle at which there was a
change in slope of the curve in Figure 27. This represents
a change in compliance because of the initiation of a
crack. Tests were terminated by under peak indicators on
the MTS machine. Under peak indicators were set to shut
down the test when the load fell below 65% of the peak load
at setup. Test termination data presented in Tables V
through VIII1 are the cycies at which the underpeak
indicators were activated, and the machine shut down. Also
presented, to summarize the extent of cyclic softening are
the peak loads on the first cycle, cycle number 1000, cycle
number 10,000, and the cycle at crack initiation for each
test. Using the cycle to initiation as the criteria for
failure, S—-N curves were plotted for the materials tested,
and are shown in Figure 28. A large amount of scatter is
involved in the presentation of the results, and as a
result the fatigue resistance of the various specimens is
not clearly differentiated. The major differences in
fatigue behavior appear to be in fatigue crack orientation

and morphology.

Ill.F Crack Morphology
Under a torsional stress, fatigue cracks initiate on

planes of maximum shear, either as longitudinal or
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circumferential cracks. These cracks are Mode 11 (forward
shear) at the surface, and Mode 111 (paraillel shear mode)
into the body of the specimen. Once initiated these cracks
may remain on the planes of maximum shear or shift to
planes of maximum normal stress, which are Mode 1 (crack
opening mode) cracks. The Mode I cracks have the helica)
fracture surface typically seen on failed helical
springs(19,21). The transition to Mode | cracks has been
found only in high cycle specimens.

Figure 29 shows macrographs of some of the fatigue
samples treated with a visibie dye penetrant to show crack
orientations and morphologies. Figure 29(a) shows a high
strain sample of as-cast steel (ASCFO), with a large number
longitudinal and circumferential cracks. The final
fracture was caused by a craék with a circumferential
orientation. Figure 29(b) is for the same steel but at a
lower strain (ASCON). Again, failure was associated with
circumferential cracks, but it occurred with fewer cracks
than with the high strain specimen. Figure 29(c) is of a
4:]1 reduction specimen run at high strains (FOUON). This
specimen has a large number of cracks, all of which run
longitudinally. In contrast, a specimen of the same
material, Figure 29(d), run at lower strain (FOUFO),

developed only a single crack, with Mode I branching.
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Figure 29(e) shows a low strain, low reduction specimen
(TWOTW), with an "X" shaped crack pattern. Figure 29(f)
shows a specimen with a 10:1 reduction run at low strain
(TENON). The crack branching is characteristic of high
reduction, high cycle specimens.

Scann?ng electron microscopic examination of crack
nucleation sites reveal some of the reasons for the
different crack morphologies. Figure 30(a) shows an SEM
micrograph of the nucleation site at the ma jor
circumferential crack in an as-cast sample run at a low
shear strain of 0.006 (ASCTW). The white arrow indicates
the longitudinal axis of the specimen. The crack appears
to have nucleated at a micropore along planes of maximum
normal stress. It then curved to become a circumferential
crack in the direction of maximum shear stress. Figure
30(b) shows a micrograph of a non;propagating "X" shaped
crack in the same specimen. A picral etch is used to bring
out the solidification structure. Consistent with other
cracks observed in this specimen, initiation is at a darkly
etéhed region. The darkly etched areas are interpreted as
being interdendritic regions, the regions where micropores
are found.

Figure 31 shows a surface replica of an as cast

fatigue specimen run at a shear strain of 0.007 (DASCTH),
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after 6500 cycles. The longitudinal axis of the specimen
is parallel to the white arrow. Failure was at 7900
cycles, with a crack mode similar to that shown in Figure
29(a) with the main crack having a circumferential
orientation. Figure 31(a) shows the reason for this crack
morphology. Surface roughening is caused by the
intersection of slip planes with the surface. The pattern
formed by the surface roughening and microcracking reflects
the residual solidification structure of the material. The
horizontal component of the cracking and roughenihg appears
to be occurring between secondary dendrite arms. The
vertical crack components appear to occur between primary
dendrite stalks, with the largest strips of roughening and
cracking being at the columnar grain boundaries. This
observation 1inks decreased fatigue resistance with
microsegregation in the residual solidification structure.
Figure 31(b) shows a closer view of the same surface. The
cracks appear to be transgranular, and they are consistent
with the torsional stress state in that they are aligned
parallel to planes of maximum shear.

The interpretation of Figures 30 and 31 1inks crack
initiation in as-cast and low hot reduction materials to
the solidification structure. In the case of low cycle

fatigue specimens, increased microcracking associated with
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the residual solidification structure causes crack linking
along the columnar grains, with final facture from a
circumferential crack. In the case of the high cycle
fatigue specimens, porosity associated with interdendritic
regions initiates the fatigue cracks. The segregated
regions do not play a role in the initiation stage;
however, they control the latter stages of crack growth,
causing circumferential cracking along columnar grain
boundaries. This mode of cracking, as will be shown below,
is qufte different from that found in steel that has
undergone a large hot reduction.

Figure 32 shows SEM micrographs of a crack in a 10:1
specimen which was run at a low shear strain of 0.005 and
shows Mode | branching. The white bar fdentifies the
longitudinal direction of the specimen. Figure 32(b) shows
an SEM micrograph of the nucleation site of the same
crack. The black particles have been identified as
aluminum oxide inclusions. These elongated bundles of
aluminum oxide inclusions have been associated with cracks
in all of the 10:1 specimens and some of the 4:1 specimens.

Figure 33 illustrates the initiation and growth of one
of the cracks in the 10:1 material run at 0.007 shear
strain. The test was terminated at 13,000 cycles. Figure

33(a) shows a replica of an initial crack at 2000 cycles.
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This establishes the presence of a crack at one sixth of
the fatigue 1ife of the specimen. This is well within the
linear load drop region of Figure 27 (load versus cycle
curve) which is attributed to cyclic softening. Figure
33(b) shows a replica of the same crack at 4000 cycles. It
shows branching of the crack, with surface roughening
between the two branches, producing the microfacets that
make the cracks look jagged. At some point, only one of
the branches in the two forks grew and shifted to the
longitudinal plane of maximum shear. Figure 33(c) shows an
SEM micrograph of the same crack after the fatigue test was
terminated at 13,000 cycles.

Figure 34(a) shows what is thought to be the
inftiation point of the crack In Figure 33. Figure 34(a)
is a close up of the replica in Figure 33(a). Note the
surface roughening and associated cracks. It appears that
there is a minor crack below the major one, and that it
runs through an elongated bundle of surface oxide
inclusions. There are some large chunks missing from
portions of the major crack. Perhaps they were large oxide
inclusions that initiated the crack. Once the crack was
started, subsequent cycling knocked the inclusions out.
Note should also be taken of the elongated MnS inclusions

on either side of the crack, and of the fact that no
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cracking is associated with them. Figure 34(b) is an SEM
micrograph of the same region taken after termination of
the test. Examination of x-ray spectra verified the
identity of the MNnS inclusions and the fact that the
particles in the minor crack were aluminum oxide

particles. The fact that the aluminum oxide inclusions are
found in clusters supports the hypothesis that the chunks
of material missing from Figure 34(a) were aluminum oxide
inclusions, and that these inclusions initiated the crack.
Thus the dispersed oxides appear to be the primary site for
fatigue crack initiation in steels that have undergone a

large hot reduction.

III.G Discussion and Summary

A major purpose of this investigation was to relate
the effects of strand cast structure to the torsional
fatigue response of hardened steel specimens. The as cast
structure contained coarse columnar grains, micro and macro
segregation, porosity and inclusions. Many of these
features are confined to the last portion of the metal to
solidify, such as interdendritic regions. Each of these
microstructural features may produce the strain
singularities needed to nucleate a fatigue crack. Hot

working provides: grain refinement, healing of porosity, a
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decrease in the extent of segregation, and modification of
the inclusion shape distribution.

The results presented here have shown that torsional
fatigue crack initiation sites change with increased hot
reduction. In as cast and low reduction specimens,
cracking appears to initiate at interdendritic regions. In
specimens which have undergone large amounts of hot
reduction, the Fafigue cracks initiate at at non metallic
inclusions.

It has been shown that the locations of surface
roughening in low cycle (low stress) fatigue specimens
corresponds to the cast structure. Interdendritic regions
and columnar grain boundaries with increased segregation
show increased surface roughening and microcracking.
Columnar grain boundary regions, having the greatest amount
of segregation, had the roughest surface and the most
microcracks. Final fracture occurs when the cracks link up
and follow the columnar grain boundary which had a
circumferential orientation in the specimens used in this
study. Hence, the final fracture in the as cast material
had a circumferential orientation.

In the as—cast specimens subjected to high cycle (low
stress) fatigue the final fracture had a circumferential

orientation similar to the low cycle as—cast specimens, but
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the mode of initiation was quite different. Initiation
began with "X" shaped cracks at micro pores. Since fatigue
cracks are known to initiate on planes of maximum shear,
“the "X" shaped microcracks along planes of maximum normal
stress require some explanation. These "X" shaped crack
nuclei can be observed in Figures 29(e) and 30(b). The
reason why these cracks appear to initiate along planes of
maximum normal stress is that they are associated with
micropores, and that a uniaxial stress state rather than a
torsional stress state is developed at the pore surface.

In a uniaxial stress state, the shear stress is only one
half the tensile stress; therefore, a crack nucleated along
the plane of maximum shear (specimen axis) would be
expected to rapidly turn 45 degrees to follow the maximum
tensile stress. Fully reversed loading produces cracks
normal to the first set of cracks. Thus "X" shaped cracks
correspond to the presence of microporosity. Once these
cracks are nucleated and grow out from the pore into the
specimen from the local uniaxial stress state into the
torsional stress state, the cracks curve to follow the
circumferential orientation of the as-cast columnar grains,
causing faflure fn a circumferential mode. The coarse
solidification structure causes rapid cracking and sharp

load drops.
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It has been noted and quantified in the histograms
shown previously that the sulfide inclusions elongate with
reduction ratio. As the sulfide inclusions become
elongated, so does the residual solidification structure
and oxide clusters. Porosity which caused fatigue cracks
in the as cast specimens is healed, but the dispersion of
clusters of oxide inclusions with hot work produces a
string of point singularities. The detrimental effect of
these point singularities may be further aggravated by the
elongation of the encapsulating sulfide to expose the sharp
edges of the oxide to the matrix.

Fatigue cracks were found to initiate at these
elongated clusters of oxide inclusions in all of the cracks
in the 10:1 steel and most of the 4:1 reduction steel. But
x-ray maps failed to show MnS associated with the crack
initiating elongated oxide clusters. This is consistent
with other investigators that have shown hard angular
inclusions such as aluminum oxide particles to be good
fatigue crack nucleation sites (19). The detrimental
effect of the aluminum oxide inclusion is compounded by the
morphology of the elongated clusters. In previous #atigue
studies, @ trend has been noticed that if the edge of one
defect (inclusion) is within approximately two diameters of

the center of another defect, the two defects should be



T-3439 105

considered as one large defect having a diameter equal to
the extreme distance which will include both defects
(32). If the same criteria is applied to the elongated
clusters of oxides, their effective size is greatly
increased, along with their potential as fatigue crack
starters. Because of the statistical spread of inclusion
sizes and shapes, the scatter in the fatigue results will
also be affected. This accounts for the scatter noted in
the present tests.

By examination of the fatigue specimens, it has been
shown that the fatigue cracks in the higher hot reduction
materials were very different from those of the as cast
specimens, in that they essentially exhibited no
circumferential component. In the 10:1 and 4:1 specimens
run at high strain, little surface roughening was observed;
and the roughening that was observed, had a wood grain
pattern with a longitudinal orientation. This wood grain
pattern reflected an elongation of the residual
solidification structure. Decreased severity of roughening
reflected a refinement of the structure. Once fatigue
cracks were nucleated, they ran along the areas of surface
roughening, growing with a longitudinal orientation. In
this way crack growth without a circumferential component

reflects a refinement of the residual solidification
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structure.

The 10:1 and 4:1 specimens run at low strain levels
had fatigue cracks initiating at oxide clusters, but once
cracks were initiated, they tended to branch out along
planes of maximum normal stress. Other investigators have
reported increased branching with tests at lower strain
levels. No explanation has been given for this, and it may

be a good topic for future investigation.
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CHAPTER IV
CONCLUSIONS

A torsional fatigue study of 4140 steel hardened and
tempered to a hardness on the Rockwell C scale of 32 has
been conducted on specimens taken from as cast strand cast
billets and billets subjected to hot work reduction ratios
of 2:1, 4:1 and 10:1. The following conclusions have been

made.

1.) Torsional fatigue crack morphology changes with
reduction ratio. As cast and low reduction
specimens crack circumferentially, following the
circumferential orientation of columnar grains.
In steels with a higher reduction ratio, cracks
follow the elongated solidification structure of

the steel.

2.) Torsional fatigue crack initiation in as cast and
2:1 material is not the same as in the 4:1 and

10:1 steel. Cracks inftiate in the as cast
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material in regions that reflect the residual
solidification structure for low cycle specimens.
In high cycle specimens of the as cast material
cracks start at micropores, with the "X" shaped
morphology. Cracks in both high and low cycle
specimens of all the 10:1 and some of the 4:1
specimens initiate at elongated clusters of oxide

inclusions.

Cracks with "X" shaped morphology form in
torsional fatigue specimens due to the uniaxial
stress state developed at the edge of the exposed

pore on the surface of a specimen.

Elongation of aluminum oxide clusters provide

sites for the nucleation of fatigue cracks.

Microcracks form early in the 1ife of a fatigue
specimen, in the region of l1oad drop considered to

be due to cyclic softening.

There appeared to be no difference in cycles to
initiate cracks that changed the compliance of the

specimens with reduction ratio. But once cracks
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were initiated the as cast material rapidly failed

much sooner than the wrought steel.
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CHAPTER V
SUGGESTIONS FOR FURTHER RESEARCH

There are several areas of the present investigation
that could be expanded by future researchers. In the
present investigation a quenched and tempered steel was
tested, but would the results be the same for a
microalloyed steel? The present investigation found that
basic steel making practices have a large influence on the
degree to which hot working of the steel influence
mechanical properties. For the ground and polished
specimens used in this investigation the crack nucleation
sites changed with reduction ratio.

Much work has gone into ladle additives for
modification of inclusion shape and properties. 1In using
these additives, the aim of the steelmaker is not to
improve physical properties of the steel, but to improve
castability by cutting down on such phenomena as nozzle
blockage by oxide build up. These additives may improve
the ease of steel making, but how do they effect mechanical
properties? The deoxidation process determines the nature

of inclusions and reoxidation products. 1t has been
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recognized that a certain amount of reoxidation product
will be present in all strand cast steel (1). Steel users
and producers may need to evaluate deoxidation processes
not only with respect to castability but also to fatigue.
Torsional fatigue testing may provide an excellent method
to evaluate the effects of deoxidation process effects on
mechanical properties.

There are still questions about torsional fatigue that
have not been answered. Such as why does Mode | branching
only occur at the lower strains? What influence would a
change in hardness have on the crack morphology? What does
the crack tip elastic and plastic zone shape and size have

to do with crack morphology?
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APPENDIX A

LISTING OF FATII
A PROGRAM TO SET UP AND MONITOR

TORSIONAL FATIGUE TESTS

A computer program was written in MU-BASIC for the
PDP-11 computer to set up and monitor torsional fatigue
tests. Several MTS-BASIC commands are used to interface
with the analog to digital converter on the testing
equipment. This program assists with setting the proper
displacements by monitoring the output of the LVDT, which
measures actuator displacement. Once proper displacement
is set fatigue test is started and load is monitored. At
termination of test, data is stored in file in the PDP-11.
A routine allows tests to be interrupted to make replicas,

with out loss of data.
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APPENDIX A Listing of the program “"FATII.BAS".

60 DIM A(20),X(20),M(500).0(500)

100 PRINT "IF YOU WANT TO MAKE REPLICAS TYPE YES"
110 PRINT "I1F NOT TYPE NO, RETURN...."; \INPUT D$
120 IF D$ = “YES" THEN 150

130 IF D$ = "NO" THEN 180

140 GOTO 100

150 REP =1 \ GOTO 200

180 REP =0 \ GOTO 200

200 PRINT "OUT PUT FILE NAME..."; \ INPUT AS

210 PRINT "EXPECTED LIFE OF SPECIMEN...."™ \ INPUT EI
220 PRINT "LOAD RANGE...."™ \ INPUT L ’
230 PRINT "STROKE RANGE....... " \ INPUT S

240 PRINT "FATIGUE TEST FREQUENCY...."™ \ INPUT F

250 PRINT "INTERUPT TIME PERIOD (.002-.005 SEC).."™ \ INPUT T
260 PRINT "NO. OF CYCLES TO EXAMINE MAX VALUE.." \ INPUT N
300 G=N/(F*T)

310 T=T*10"5

320 Bi=E1/200

330 P=BI/F

S00 PRINT "READY TO GET DISPLACEMINT FOR FIRST CYCLE"™

510 PRINT "AT A GIVEN TORQUE, RUN AT .2 HERTZ, AND"

530 PRINT "SET TO DESIRED LOAD , WILL BE GIN RUNNING "
540 PRINT "AS -SOON AS YOU HIT. THE RETURN AFTER YOU"™

SS0 PRINT "TYPE IN YES™; \ INPUT B$

560 IF B$<>"YES™ THEN 200

600 TIME(300,T1)

610 FOR J=4 TO S

620 DACQ(J,A,2,833)

630 START

640 IF A<l THEN 640

650 QUIT

660 X(J)=ABS(A(1))

670 NEXT J

680 D=(X(4)+X(5))/4094"S

690 PRINT "THE STROKE 1S ...",D

710 PRINT "IF THE NUMBER 1S GOOD TYPE YES...":; \ INPUT BS
720 IF B$<O>"YES" THEN 500

800 PRINT "THIS 15 THE SET UP LOOP"

810 PRINT "HIT CTL @ TO ENABLE BREAK BUTTON"

820 PRINT "HIT S TO STOP:..."

830 BUTN("S", LINE 1900 ) \ ENABL

900 PRINT "ADJUST FREQUENCY TO ",F
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APPENDIX A (Continued)

- 910 PRINT "REMEMBER SHOOTING FOR STROKE ",D
S20 PRINT "WHEN READY TYPE YES RETURN"
930 PRINT "THE STROKE WILL BE DISPLAYED"
S50 INPUT Bs
960 IF B$<>"YES"™ THEN 800
999 TIME(T,TI1)
1000 FOR J=4 TO 5
1010 DACQ(J,A,2,G)

1020 START

1030 IF A<1 THEN 1030
1040 QUIT

1050 X(J)=ABS(A(1))
1060 NEXT J

1070 D=(X(4)+X(5))/4094*S

1080 PRINT "STROKE......",D

1090 GQTO 1000

1900 PRINT "ACTUAL FATIGUE TEST...."

1905 ENABL

1910 BUTN("S", LINE 3000 )\ ENABL("S")
2000 PRINT "READY TO BEGIN COUNTING CYCLES AND RECORDING DATA.."
2010 PRINT "IF OK.. TYPE YES AND RETURN....
2020 INPUT Bs$

2030 IF B$<>"YES™ THEN 2000

2100 ETIME

2200 FOR K=1 TO S00

2210 FOR J=4 TO 5

2220 DACQ(J,A,0,G)

2230 START

2240 IF A<l THEN 2240

2250 QUIT

2260 X(J)=ABS(A(1))

2270 NEXT J

2280 M(K)=((X(4)+X(5))/4094)"L

2285 IF M(K)<M(1)/4 THEN 2580

2290 PRINT "THE LOAD I1S........",M(K)
2300 IF B<2"N THEN 2500

2310 O(K)=0(K-1)+(2"N)

2320 PRINT "AT THIS MANY CYCLES..",0(K)
2390 GOTO 2570

2500 O(K)=0(K~1)+Bl

2510 PRINT "AT THIS MANY CYCLES....",0(K)
2520 PRINT
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- 2530
2550
2560
2570
2580
2600
2610
2615
2620
2630
2640
2650
3000
3300
3310
3320
3330
3340
3400
3500

A (Continued)

PRINT

ETIME

SLEEP(P)

NEXT K

IF REP = 0 GOTO 3000

PRINT "TEST STOPED FOR REPLICA......"

PRINT "IF YOU WANT TO RESUME THE TEST, TYPE RESUME"
PRINT "IF YOU WANT TO END IT, TYPE END..... "
INPUT D$

IF D$= "RESUME"™ THEN 2290

IF D$= "END™ THEN 3000

GOTO 2600

PRINT "TEST STOPED AFTER ",0(K-1),"CYCLES"
OPEN As FOR OUTPUT AS FILE #1

FOR U=l TO K

PRINT #1:0(U);","iM(U)

NEXT U

CLOSE

PRINT "DATA IS IN FILE:...",AS$
END

122
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APPENDIX B

LISTING OF A PROGRAM TO
DETERMINE CYCLE AT WHICH FATIGUE TEST

IS TERMINATED

A computer program was written in MS-BASIC for the TI
PC computer to determine tHe cycle that the monitored load
response of a torsional fatigue specimen deviates from the
linear slope of cyclic softening, due to the initiation of

a well developed crack.
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APPENDIX B Listing of ANAL.BAS

90 DIM P(500),C(500),D(500)

100 INPUT “"FILE NAME?,...":;AS$
120 OPEN "1",#!1,AS

140 FOR N = 1 TO 500

150 IF EOF (1) THEN END

160 INPUTH#1,P(N),C(N)

170 1F P(N) < 50 GOTO 190

180 NEXT N :

190 CLOSE

200 FOR L = 1 TO N

210 PRINT "LOAD...",P(L),"CYCLE...",C(L)
220 NEXT L

250 INPUT "LOAD Of FIRST POINT™,Y]
260 INPUT "CYCLE OF FIRST POINT",X1!
270 INPUT "LOAD OF SECOND POINT",Y2
280 INPUT "CYCLE OF SECOND POINT™,X2
290 M = (Y2-Y1)/(LOG(X2)-LOG(X1))
300 B! Y1 -(M®* LOG(X1)})

310 B2 Y2 ~(M* LOG(X2))

320 B=(Bl1+B2)/2

400 FOR L =1 TO N

405 1F C(L)<3 GOTO 500

410 D(L)=(P(L)-(M*(LOG(C(L>))+B))
430 NEXT L

500 FOR L=1 TO N

520 PRINT "DIF IS....",D(L),"AT THIS CYCLE...",C(L)
530 G=G+1

540 IF G=50 GOTO 560

550 GOTO 600

560 PRINT "N........ "oL

570 G=0

600 NEXT L

610 PRINT "LOOK AT CYCLES AND DifFF BETWEEN"
620 INPUT "N=..... L"LUL

630 INPUT "AND N=""“'U2
640 FOR L=Ul TO U2
645 PRINT "DIF

650 NEXT L
660 PRINT "HOW DOES THAT LOOK?...... "
670 INPUT "TYPE G IF OK......",B$

680 IF B$=G GOTO 700
690 GOTO 610
700 END





