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ABSTRACT

To assess the potential for obtaining and utilizing titanium nitride (TiN) refinement via the
increased post-solidification cooling rates associated with thin-slab casting (TSC), TiN particle size
distributions were evaluated by TEM examination of carbon extraction replicas. Seven
commercially produced thin-slab cast TiN steels, one thin-slab cast Ti-free steel, and one
conventionally cast steel were received. Thin slab samples were taken from three locations in the |
production process: quenched after casting before the tunnel furnace, quenched after tunnel furnace
soaking, and the as-rolled and air cooled final product.

Effects of cooling rate were evident in the results and agree with previously documented
behavior, where precipitate size decreases with increased cooling rate. Statistical differences in
particle size between specimens from steels with different chemistries were shown. These variations
result from differences in the driving force for precipitation, rates of coarsening, and differences in
volume fraction due to changes in steel composition. The interaction of composition and
processing, such as soaking in the tunnel furnace and rolling, was found to be important. For
example, the hyperstoichiometric steel (excess Ti), exhibited fine TiN after casting and soaking, but
dramatic coarsening after hot-rolling. This behavior was attributed to deformation enhanced particle
coarsening, and/or incomplete precipitation after soaking, followed by continued growth during
subsequent processing.

Specimens were heat treated over a range of temperatures in order to study the prior
austenite grain coarsening process and the influence of varying the TiN distribution. Three stages of
grain growth were observed, similar to other TiN technology steels. Large differences in grain
coarsening temperature between the different Ti-added steels was not observed, despite the different
TiN dispersions.

Ferrite grain size was measured in the final hot-rolled product to assess whether TiN
influenced the thermomechanical processing response. Both TiN containing and Ti-free steels were
examined, and despite considerable variations in TiN size along with evidence of further
precipitation during the rolling process for some steels, it was apparent that the austenite pinning

effects were overshadowed by the refinement resulting from hot-rolling of the thin slabs.
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1.0 BACKGROUND

1.1 Introduction

Thin-slab casting (TSC) is being used increasingly as a means of producing sheet steels
due to its reduced capital costs. Although initial difficulties due to differences in production
methods have been overcome, and a viable product is being produced, much remains unknown
about this relatively new technology. Some metallurgical factors linked to thin-slab casting
include faster post-solidification cooling rates, less time at very high temperatures, and direct
charging after the caster, when compared to conventional casting. These intrinsic differences may
provide an opportunity to control microstructure and properties in new ways through processing
and chemistry.

One aspect in need of investigation is the formation of precipitates in the steel, with the
aim of reducing particle size. There may be potential for obtaining and utilizing titanium nitride
(TiN) refinement via the increased post-solidification cooling rates associated with thin-slab
casting. The differences between conventional casting and thin-slab casting may conceivably
change the effective solubility and coarsening behavior of TiN precipitates. Smaller precipitates
are desirable because they are believed to be beneficial in retarding grain growth. The influences
of steel composition on TiN size distribution in TSC material is of interest in that it may lead to the
identification of a more "optimum" steel chemistry approach.

Changes in liquidus/solidus temperatures and cooling rate may influence the amount of
TiN which may be precipitated in the solid, and the temperatures over which precipitation occurs,
again influencing alloy design. As TiN precipitation behavior varies, the influence on austenite
during thermomechanical processing will change and examination of austenite grain coarsening
temperatures relating to TiN particle size is of interest.

This study was designed to improve the fundamental understanding of TiN technology in
steels produced via thin slab casting. Titanium nitride particle size distributions and coarsening
kinetics were to be examined in steels with varying Ti:N ratios to characterize the response to thin

slab casting. Thin-slab cast steels were initially designed with different Ti:N ratios in order to



assess the effects of chemistry changes on TiN distributions. The details of the alloy design will be
presented in a later section. Samples were taken at three locations during processing of the steel,
to investigate the evolution of TiN precipitates. One conventionally cast Ti-containing steel was
obtained in order to compare between the two production practices. The ferrite grain size (as-hot-
rolled) and the austenite grain coarsening behavior of these steels were also examined, to relate the
TiN precipitate variations to possible variations in final microstructure.

The following sections provide a review of some of the more important concepts related to

this project, including thin-slab casting, TiN technology, and extraction replicas.

1.2 Thin-Slab Casting

1.2.1 Physical Description

Throughout the world, some different thin-slab casting processes have been developed.
The first and foremost of these processes to be commercialized will be focused on here, the SMS
Schloemann-Siemag AG process, which was commercialized at Nucor Steel. In this process, the
liquid steel enters a vertical-type chromium-zirconium copper mold with a funnel-shaped bulge in
the middle of the meniscus region. The bulge allows the introduction of the casting nozzle (Figure
1.1). The end of the funnel is rectangular, with an internal thickness of about 50 mm (1),
corresponding to the slab thickness. With the exception of the funnel-shaped mold, the
components of the machine are similar to standard continuous casting equipment (2).

The slab enters a gas-fired tunnel furnace after solidification and is allowed to equilibrate
to the initial rolling temperature. Figure 1.2 shows a schematic of the overall process. After

exiting the tunnel soaking furnace, the slab is processed in a multi-stand hot-strip mill, and coiled.



Figure 1.1 Funnel-shaped mold with submerged casting nozzle (3).

Caster

Soaking turnace

g7
| = Y )} MER——— b ]

///////////////m

Figure 1.2 Schematic representation of thin-slab casting process (4).

1.2.2  Casting of Liquid Steel

In traditional continuous casting, a high degree of superheat above the liquidus is reported
to be unfavorable; as it leads to a more columnar structure instead of the preferred equiaxed

structure (2). Thin-slab casting has a higher rate of solidification compared to conventional



casting. A 50 mm thin-cast slab can solidify within 90 seconds, while a 200 mm conventional cast
slab takes approximately 15 minutes. The relationship between secondary dendrite arm spacing,

Ay, and the local solidification time, t, has been used (4) to quantify the increased solidification

rates with the following equation:

Ay = A1) " [1.1]

where M is a constant depending on allby composition. Increasing the solidification rate creates a
finer as-cast structure. Experimental data showed that the secondary dendrite arm spacing was
reduced from 300 mm in a 230 mm slab to 95 mm in a 50 mm slab (5). One study (7) suggests that
the rapid solidification rate suppresses the precipitation of aluminum nitrides, which will be
discussed in greater detail. These increased cooling conditions also make it possible to obtain fine
TiN precipitates, as small as 10 nm (6). These particles are thought to be effective in pinning
austenite grain boundaries during recrystallization controlled rolling (4).

Liquid steel composition is critical in thin-slab casting because the rate of heat extraction
from the mold is higher than that of conventional casting. This leads to higher surface tensile
strains from the thermal gradients in the solidifying shell of the slab. These strains may lead to
longitudinal facial cracking (4). Composition issues make scrap quality control important in
electric arc furnace mini-mills, as there is difficulty in economically removing tramp elements
from the scrap through current refining processes. Difficulties in continuously casting HSLA slabs
within the peritectic range of 0.07% to 0.15% carbon have also led to the typical practice of
limiting the carbon content to levels below about 0.06% C (3).

The high casting speeds and size of the casting mold present additional challenges.
Transverse corner cracks appearing within 75 mm of the comner of the slabs have been reported.
Wigman and Millet (8) suggest this problem is due to the precipitation of AIN in regions of the
slab that have fallen below the Ar;. Below the Ar; temperature, ferrite begins to form at the
austenite grain boundaries, lowering the ductility of the slab over a range of temperatures, forming
a “ductility trough.” The precipitation of the AIN in the ferrite locally embrittles the

microstructure, and extends the ductility trough to lower temperatures (3). Turkdogan is cited as



suggesting that this precipitation is promoted by strain associated with the two-dimensional heat
flow, causing the slab to be colder at the corners than the mid-face zone (3).

Another potential problem is the aforementioned longitudinal facial cracking. This
problem may be closely related to the sulfur content of the steel (8). The sulfur content is
important because of its influence on ductility near the solidification temperature. Sulfur
segregates between solidifying dendrites and depresses the freezing range of the steel. This
creates a liquid film in the interdendritic region, which is susceptible to dendritic separation and
hot tears at low tensile strains. These surface tensile strains during slab bending are proportional
to the slab thickness; thus thinner slabs may be better able to tolerate a greater loss of ductility than

conventionally cast slabs (4).

1.2.3  Solid-State Processing

After straightening, the slabs are typically direct charged (i.e. not cooled and reheated)
into the tunnel furace. This direct charging of the steel is important in several respects. The
direct charging saves considerable energy, and therefore cost in that the steel does not have to be
reheated to temperature, with an order of magnitude difference in energy needed for the process
(4). The potential benefit in energy savings is offset by another important consideration in direct
charging, the absence of a y—o—y transformation to refine the grain size. A roughing roll applied
directly after solidification is reported to be helpful when followed by recrystallization, by refining
the as-cast structure and contributing to grain refinement as in the Mannesman process (4).

The slabs in the SMS process are direct charged from the tunnel furnace into hot rolling
stands without roughing. Figure 1.3 provides insight into the processing response of the austenite,
showing recrystallization response as a function of starting grain size for three different rolling
reductions (30, 40, and 50 %) with interpass times of 1 and 2 seconds. According to the figure,
heavy rolling reductions of 50% or more per pass are necessary to achieve full recrystallization
between stands with an interpass time of two seconds over the widest range of initial austenite
grain sizes (4). Figure 1.4 shows the refinement of austenite grain size as a slab is hot-rolled; it

has been found that due to the coarse as-cast microstructure, full recrystallization does not occur in



the first pass of the finishing mill. Nonetheless, the overall reduction is somewhat higher than

conventional hot-strip mills, and therefore the final grain size may be finer in the end product (9).
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Figure 1.3  Effect of deformation on degree of recrystallization of coarse austenite for interpass
times of one or two seconds (4).
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Figure 1.4  Austenite evolution during hot rolling of 50mm thick slab to a final thickness of
6 mm (adapted from 4).



1.3 Titanium Nitride Technology

Titanium has a low solubility in austenite, and therefore titanium nitride (TiN) exhibits a
relatively slow particle coarsening rate (10). With low solubility, titanium nitrides tend to form at
high temperatures making them a good candidate for examining precipitate formation near the
solidification temperature, where differences between conventional slab casting and thin-slab
casting should be most pronounced. At these temperatures, the effects of the increased post-
solidification cooling rate associated with thin-slab casting can be studied. The low solubility
prevents the use of TiN as an effective precipitation strengthening agent, but makes it particularly
suitable for use as a grain refining precipitate at high temperatures. Small amounts of titanium can
be added to steel in order to form a fine dispersion of TiN precipitates when continuously cast (6).
These TiN particles have been shown to retard austenite grain boundary migration (4). The
presence of particles on the grain boundary decreases the grain boundary area and therefore the
boundary energy. By pinning the grain boundaries with increasingly stable precipitates, the
austenite grain coarsening temperature is increased and the austenite grain size can be controlled

during conventional slab reheating (see Figure 1.5, for example). Another study has shown

austenite grain coarsening temperatures to be around 1200 °C (2192 °F) (11).
Zener proposed a relationship between the particle radius (r), the austenite grain radius

(R), and the volume fraction of the pinning particles (f) (10):

R=12.T [1.2]

3
This relationship means that a fine austenite grain sfize is maintained with either a large volume
fraction of TiN particles or a smaller fraction of finer particles. This behavior is illustrated in
Figure 1.6, where three independent models, the Zener model and two similar models, for the
effects of particle size and volume fraction on grain size show the same general trend. The
differences between predicted size are due to differences in assumptions of the models. It should
be noted that obtaining both the maximum volume fraction and the finest dispersion of particles at
the same time may not be practical during commercial processing. High Ti contents which would

allow for large volume fractions are typically avoided because coarse TiN particles form in the

liquid steel (10). These coarse particles are ineffective as grain refiners. A smaller volume fraction



of finer TiN precipitates is widely accepted as the best approach for austenite grain control. This
will yield grain refinement and a stable austenite grain structure due to low grain boundary
mobility (10).
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Figure 1.5 Increasing microalloy additions increase grain coarsening temperature (adapted
from 12).

Using the Gladman equation, which will be described in more detail later, it is generally
thought that the TiN particles must be less than about 50 nm in size in order to inhibit growth (14).
These small precipitates are obtained by using low concentrations of Ti in the steel. The low
concentrations prevent precipitation in the interdendritic liquid which would yield larger particles
that are less effective for grain control. Particles formed by precipitation at lower temperatures in
the solid state are the most effective for grain size pinning. If the particles form in the solid state,
they are less likely to coarsen beyond the critical size for effectively pinning the austenite grain
boundaries. Cooling rates also affect how the particles form, with faster solidification rates

causing precipitation in the solid state. It has been shown that increasing the post-solidification



cooling rate refines the TiN particle size (Figure 1.7). Thus, TiN technology is better suited to
continuously cast steels than ingot-cast steels (14). Thin-slab casting, with cooling rates greater
than that of conventional casting, may have the potential for even finer TiN precipitates, and is

thus the subject of this investigation.

10°
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Figure 1.6 General relationship between grain size, R, particle size, r, and volume fraction, £,
as predicted by three models (13).

The titanium and nitrogen concentrations in the steel should also be considered in the
context of the carbon content. The carbon content, in large part, cbntrols the solidification
temperature, with higher carbon levels associated with lower liquidus and solidus temperatures.
With increasing carbon content an increasing amount of (coarse) TiN is conceivably formed in the
liquid, where TiN solubility is greater. Coarse TiN precipitates have been noted to be ineffective
with regard to the control of austenite grain size. In lower carbon steels, less TiN may form in the

liquid because of the higher liquidus temperature (10).
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Figure 1.7  Effect of post-solidification cooling rate on TiN particle size (14).

Once formed, TiN coarsening can be minimized by lowering the concentration of titanium
left in solution in the austenite (15). Increasing the nitrogen to achieve a hypostoichiometric Ti:N
ratio is utilized for this purpose (10). Figure 1.8 shows a TiN solubility diagram. The figure
shows that moving away from the stoichiometric line by increasing the nitrogen in the steel
decreases the amount of titanium in the system after precipitation occurs during cooling. During
precipitation, the solute Ti and N levels move down along a line parallel to the stoichiometric line.
The two curves marked with temperatures are lines of constant solubility or driving force. The

Jines represent combinations of solute Ti and N that are in equilibrium with TiN at the indicated

temperature.
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Figure 1.8 Solubility diagram showing how moving to a hypostoichiometric Ti:N ratio will
decrease the amount of titanium left in solution (10).

The titanium nitride particles can grow by Ostwald Ripening during post solidification
cooling and heat treatments. The Wagner equation describes the kinetics of particle coarsening,

taking both time and temperature into account:

3 3 _ 8cD[M]V

rt 7’0 9GT t . [1-3]

where 1, is the particle radius at t, 1, is the particle radius at time t= 0, ¢ is the particle/matrix
interfacial surface energy, D is the diffusivity of the rate controlling specie (Ti) in the austenite
matrix, [M] is the concentration of Ti in the matrix, V is the particle molar volume, G is the
universal gas constant, T is the temperature in Kelvin, and t is time (14). The Wagner equation
shows the TiN particle coarsening rate will be reduced in proportion to the decrease in titanium left

in solution. As mentioned above, moving to a hypostoichiometric Ti:N ratio should minimize TiN
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particle coarsening during post-solidification processing (14). Pickering (10) noted that “the grain
coarsening temperature, other factors being equal, will be highest for the greatest volume fraction
of pinning particles,” and that it might be expected that “the maximum grain coarsening
temperature would occur at the stoichiometric ratio where the temperature dependence of
solubility is greatest.” Figure 1.9 shows that increasing only Ti or N from a stoichiometric
composition may lead to the formation of particles at a higher temperature. The increased total
volume fraction of particles is related to the length of the line between the Ti:N composition and
the solubility line of interest (i.e. longer lines means more Ti and N have been used to form TiN
precipitates). These concepts provide the basis for "conventional" TiN technology, and a primary
objective of the present work is to assess whether or not the same priorities are applicable to thin-
slab cast steels. For example, because faster cooling is associated with shorter times at high
temperature, it was considered possible that particle coarsening considerations may be less

important in thin-slab cast products.

Stoichiometric
Line
I
| T2>T1
i
i
!
] |
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N A ) ¢
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Figure 1.9 Solvus temperature of precipitates increase as composition moves away from
stoichiometric line (10).
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14 Grain Coarsening

The mechanical properties of high strength, low alloy (HSLA) steels with ferrite-pearlite
structures are greatly influenced by the ferrite grain size. Fine ferrite grains promote both strength
and toughness in these steels. Polygonal ferrite nucleates on prior austenite grain boundaries, so
refining the austenite grains is important for producing fine ferrite grains in HSLA steel (15).
Microalloying additions can inhibit austenite grain growth at higher temperatures by precipitating
as second-phase particles (i.e. TiN precipitates) in austenite, and Figure 1.10 shows that the
relative effectiveness of different microalloying elements is related to the thermodynamic stability
of the different precipitates. These second-phase particles affect grain coarsening by pinning the
grain boundaries (16). This pinning mechanism is due to the reduction of grain boundary energy
when second-phase particles intersect the grain boundary. Movement of the grain boundary away

from the particle increases the boundary local energy, thereby causing a drag effect (12).

400
C-Mn
300}

200+F

100

Austenite grain diameter in um

0 J 1 1 1 i
800 900 1000 1100 1200 1300
Temperature in °C

Figure 1.10  Effect of various microalloying elements on austenite grain growth and grain
coarsening temperature (10).
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The Gladman equation has been used to described grain coarsening resistance:

_7wr|3 2
R = g]-({i—;} [1.4]

where R is the grain radius where particle pinning remains effective, r is the radius of the pinning
particles, fis the volume fraction of the pinning particles, and z is the grain size heterogeneity
factor (11). The Gladman equation is a refinement to the Zener model presented above. At some
critical pinning particle size, the driving force for grain growth equals the pinning force for the

applicable volume fraction. The critical radius, r, becomes smaller as the volume fraction of

pinning particles decreases (i.e. as they dissolve with increasing temperature). But, as the

temperature rises, Ostwald ripening occurs and the actual value of the particle radius, r,,

increases. As shown schematically in Figure 1.11, the grain coarsening temperature, or GCT,
indicates where the driving force for grain growth and the pinning force are approximately
balanced. If the particle radius increases, the driving force for grain growth exceeds the pinning
force and grains begin to coarsen. Therefore, fine pinning particles are more effective than coarse
particles for restricting austenite grain growth. A fine initial particle size may also allow more
time for particles to reach the critical size above which grain growth occurs (12).

The rate and temperature of dissolution of the pinning particles also affects the grain
coarsening behavior. Particle dissolution reduces the volume of pinning particles, and increases
the rate of particle ripening by increasing the local solute levels (13). Because they are very
insoluble, TiN particles are better able to resist coarsening to the critical size at higher
temperatures. Therefore, the grains pinned by TiN will not exhibit much grain growth, while
grains pinned by a similar distribution of a more soluble precipitate, such as V(C,N), tend to grow,
as seen in Figure 1.10. The greater solubility of VC and VN compared to TiN is clearly shown by
their increased solubility product in Figure 1.12. The solubility product of a compound “MX,” for
example is the product of the solute concentrations of M and X, in equilibrium with MX. So

greater solubility products are associated with more soluble phases.
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Figure 1.11 Schematic diagram of model for grain coarsening temperature (GCT) (10).
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Figure 1.12 Solubilities of microalloy carbides and nitrides in austenite (10).
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In multiple pass rolling, austenite grain size refinement results from repeated deformation
and recrystallization, and the austenite grain size after rolling is less dependent on the initial
austenite grain size prior to rolling. Microalloyed steels have fine precipitates in the austenite to
inhibit austenite grain growth during and after rolling down to the transformation temperature.
The initial grain size at the end of reheating is important, but can be refined during multiple pass
rolling, Figure 1.13, if the rolling reduction is great enough and there is a sufficient volume
fraction of fine precipitates to pin austenite grain boundaries (17). Bodnar ef al. (18, 19), have
suggested that small additions of Ti may restrict austenite grain growth, and provide ferrite grain
refinement in heavier gage hot rolled products. They suggest, however, that the additional
contribution of TiN is less significant for lighter gages/faster cooling rates, where austenite
refinement is enhanced by greater reductions, and ferrite refinement is enhanced by the faster

cooling rates (Figure 1.14).

Temperature (C)
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Austenite Grain Size {microns)

20 ¢
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Figure 1.13  Effect of as-reheated grain size on the microstructure evolution of Ti-V austenite
during an otherwise identical rolling schedule (adapted from 21).
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Figure 1.14  Ferrite refinement with increased cooling rate (11).

1.5 Use of Extraction Replicas for Precipitation Studies

Extraction replicas are the most common method of examining fine precipitates
quantitatively in microalloyed steels. One important factor in choosing extraction replicas over
thin foils to examine precipitates in steels is the relative ease of sample preparation. Another
advantage of replicas is the simplicity of evaluation of the data gathered using them. In looking at
precipitates, foils also have the disadvantage of the matrix material interfering with the
examination of the particles of interest (22). Therefore, extraction replicas were chosen for use in
the present study.

When the specimen is sectioned and mechanically polished, it is assumed that the particle
is not sectioned in the process. This is because the particle is much harder than the matrix and will
therefore be left in the matrix or pulled out intact, and because the particle size is usually smaller
than the size of the abrasive used for polishing. Most of the particles are also chemically inert so
that chemically etching or electropolishing will not alter the particle either, although care is needed
in selecting appropriate solvents. These assumptions mean that the particles seen in the TEM
represent the actual size of the particles, not a cross-sectioned particle (23).

If all particles intersecting the polished surface of a specimen are captured (i.e. 100%

extraction efficiency), the number of particles intersecting the cross section would be the number
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per unit area of the extraction replica. The mean particle size and the distribution of sizes about
the mean can be obtained by counting the particles in a known area and grouping them according
to size. A cumulative distribution function, plotted on a log-normal graph, yields an
approximately straight line in many cases, as shown in the example in Figure 1.15. The multiple
lines for each steel represent independent replications of the same steel in order to determine
reproducibility of the replication technique. This cumulative plot eliminates some of the
“grouping” errors that would be encountered when grouping data using histograms to describe the
distribution about the mean (23).

If the specimen is not etched sufficiently before replication, some sizes may not be
represented in the data. This could lead to a shift of the mean to a smaller size. This can be
avoided by etching to a depth greater than the largest particle radius. Another possible problem is
that all particles intersecting the surface may not be extracted (i.e. low extraction efficiencies) due
to differences in size, shape, or orientation within the matrix (22). Finally, it is also possible that
“extra” particles from the volume of material dissolved during etching may adhere to the carbon

replica, thus resulting in an apparent increase in volume fraction.
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Figure 1.15  Cumulative distribution plot of particle sizes for three different alloys (23).
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The dimensions of each particle on enlarged micrographs may be measured with a
magnifying scale. To avoid errors due to imperfect replication, several independent
determinations can be made on the same specimen. This means the specimen should be
repolished, and a new replica made for examination and measurement. The errors arising from the

reproducibility issue increase as the distribution of diameters increases (23).
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2.0 EXPERIMENTAL METHODS

2.1 Alloy Design and Material Acquisition

The steel compositions were an important aspect of the design of this project. The
titanium and nitrogen levels of the steels were to be varied while the other alloying elements were
nominally fixed. Careful control of the chemistries would be needed for accurate comparisons to
be made between the steels. The titanium and nitrogen levels were chosen with the aid of a
titanium nitride solubility diagram.

Five steels were designed to have constant solubility products, providing steels that should
have the same driving force for precipitation even while the titanium and nitrogen levels change.
Two more steels were designed to have different TiN solubilities, but falling along a similar path
during cooling (i.e. along a line parallel to the stoichiometric line in the solubility diagram) in
order to study effects of different driving forces. The proposed steels are shown in Table 2.1.
These steels were thus designed to allow examination of changes in the precipitate volume fraction
and size distributions with systematic changes in the titanium and nitrogen levels. The steel

compositions are plotted on a solubility plot in Figure 2.1.

Table 2.1: Matrix of Proposed Steels

Aim Ti Aim N [Ti][N] Ti:N
(wt. %) (wt. %) Product Ratio
0.004 0.003 12x10% 7.5
0.006 0.02 12x10% 3.3
0.0085 0.014 1.2x10* 1.65
0.01 0.012 12x10% 1.2
0.014 0.0085 1.2x 10" 0.61
0.01 0.019 1.9x 104 1.9
0.006 0.05 3.0x% 107 0.83
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Figure 2.1  Solubility plot showing design matrix of steels

Eight steels were received from Nucor Steel, Hickman, AK. The chemical compositions

of these steels are plotted in a TiN solubility diagram, Figure 2.2 and the compositions are

summarized in Table 2.2. A ten inch thick, conventionally-cast sample was also provided by

Bethlehem Steel, for comparison. Its chemical composition is shown in Table 2.3. Finally, a Ti-

free thin slab cast sample (steel [9]) was acquired to provide a comparison of as-hot-rolled ferrite

grain sizes, as well as grain growth behavior between Ti and Ti-free steels.

The thin slab cast steels were direct charged into a tunnel furnace at Nucor and allowed to

equilibrate for 30 minutes at a temperature of about 1100°C (2000°F). The slabs then entered a

five stand hot strip mill at a finishing temperature of around 870°C (1600°F), where they were

reduced from an initial slab thickness of approximately 50 mm to a thickness ranging from 4.32

mm to 8.69 mm (Table 2.4). The product was water spray cooled and coiled at approximately

635°C (1175°F).
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Table 2.2: Chemical Composition (Product Analysis) of Thin-Slab Cast Steels

Steel Designation

Element [1] (2] (3] (4] (5] [6] [7] [8]
(Wt. %) | 0.009Ti | 0.008Ti | 0.048Ti | 0.022Ti | 0.021Ti | 0.011T% | 0.014Ti | 0.022Ti
0.014N | 0.009N | 0.008N | 0.016N | 0.013N | 0.009N | 0.013N | 0.007N

C 0.048 | 0.062 | 0.048 | 0.049 | 0.056 | 0.053 | 0.056 | 0.046
Mn 1.23 1.20 1.37 1.20 1.19 1.16 1.16 1.23
P 0.026 | 0.018 | 0.005 | 0.011 | 0.014 | 0.011 | 0.020 | 0.006
S 0.006 | 0.006 | 0.005 | 0.002 | 0.003 | 0.003 | 0.007 | 0.003
Si 0.029 | 0.020 | 0.007 | 0.028 | 0.018 | 0.030 | 0.010 | 0.012
Cu 0.120 | 0.094 | 0.090 | 0.100 | 0.093 | 0.099 | 0.096 | 0.090
Ni 0.060 | 0.048 | 0.044 | 0.050 | 0.050 | 0.043 | 0.045 -
Cr 0.022 | 0.022 | 0.026 | 0.027 | 0.020 | 0.023 | 0.016 | 0.045
Mo 0.018 | 0.014 | 0.015 | 0.010 | 0.012 | 0.012 | 0014 | 0.013
A 0.004 | 0.003 | 0.005 | 0.004 | 0.004 | 0.003 | 0.003 | 0.005
Al 0.026 | 0.026 | 0.021 | 0.023 | 0.021 | 0.020 | 0.024 | 0.022
Ti 0.009 | 0.008 | 0.048 | 0.022 | 0.021 | 0.011 | 0.014 | 0.022
N 0.014 | 0.009 | 0.008 | 0.016 | 0.013 | 0.009 | 0.013 | 0.007
[:‘1]([)1_\? 1.26 0.72 3.84 3.52 2.73 0.99 1.82 1.54

Despite differences between the aim compositions and actual steels produced, the
important elements of the project design remained intact. A hyperstoichiometric steel (steel [3])
was received that could be compared to a hypostoichiometric steel (steel {4]) along a similar
solubility line (similar driving force for precipitation). A steel with near stoichiometric
composition (steel [8]) that could be compared with a hypostoichiometric steel (steel [1]) of
similar driving force was also provided. Driving force could be studied with several of the excess
nitrogen steels along similar parallel “stoichiometric” lines. For example, steels [2] and [5], as
well as steels [7] and [4], can be used to examine driving force. And finally, several steels along a
similar solubility line could be used to examine Ti:N ratio changes, which influence solute content

after precipitation, along with precipitate volume fraction.
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Figure 2.2  Solubility plot showing steels received for investigation.
Table 2.3: Chemical Composition of Conventionally-Cast Steel [10]
. . Weight Percent
Steel Designation c N 3 S S o i
0.089 1.24 | 0.0015 | 0.008 0.24 0.012 | 0.009
[10]
0.015Ti, 0.006N Cr Mo v Al Ti N
0.028 | 0.007 | 0.018 | 0.034 | 0.015 | 0.006
Table 2.4: Thickness of As-Rolled Final Product Samples
Steel Designation
[1]0.009Ti | [2] 0.008Ti | [3]0.048Ti | [4]0.022Ti | [5] 0.021Ti | [6] 0.011T: 9]
0.014N 0.009N 0.008N 0.016N 0.013N 0.009N | Ti-Free
8.69mm | 4.32mm 5.77 mm 5.94 mm 5.82 mm 4.34 mm 6.12 mm
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22 Precipitate Study

Samples were taken at three locations during the process at Nucor Steel (not all sample
locations were available for all steels). A schematic illustration of the process, showing sampling
points, i.e. as-cast, equilibrated prior to rolling (“after-furnace”), and end product, is given in
Figure 2.3. The different sampling locations would be useful to study several issues. The after-
caster slab would show the as-cast precipitate size. The after-furnace particle sizes should allow
for examination of coarsening at the higher temperatures of the soaking furnace. The end product
precipitate size would show any thermomechanical processing effects, and represents the

condition a steel customer would use.

Y o2

After-Caster After-Furnace End Product

Figure 2.3  Schematic of sampling locations in thin-slab casting process.

The samples were received from the edge location of cast slabs or rolled product, with a
flame-cut edge parallel to the as-cast edge. Sample widths ranged from approximately 3 to 14
inches. Precipitate studies used samples removed from the center, i. e. midway between the cast
and flame cut edges. The as-received materials in the cast and hot-rolled conditions were
sectioned parallel to the rolling direction and mounted for metallographic preparation. The
samples were mechanically ground and subsequently polished down to 0.25 micron using a

diamond polishing compound. Prior to etching, each sample was cleaned with ultrasonic agitation
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to remove any remaining debris from the surface. The surface was etched for 15 seconds using a
2% Nital solution, following an earlier study (29).

Carbon was sputtered onto the samples for replication using the Denton Vacuum DV-502
evaporator. The carbon layer was scribed into small squares to facilitate removal from the steel
surface. Using a 5% Nital solution, the carbon film was stripped from the specimens, releasing the
precipitates along with the carbon. The carbon films were transferred to a solution of 50%
deionized water and 50% methanol to remove the Nital solution. They were then moved to a
deionized water bath containing a small amount of methanol to reduce the surface tension. This
bath uncurled the films so that they lay flat as they were removed from the solution with a copper
grid.

The carbon replicas were ready for examination in the Phillips EM400 TEM and Phillips
CM200 STEM. This procedure was followed for each of the different steels. Particle sizes were
measured as edge lengths of the cuboidal particles from TEM photomicrographs. A minimum of
50 particles were measured in each condition for comparison. Samples were taken from near the
surface and centerline in the slab samples in order to determine cooling rate effects on precipitate
size within a slab sample. Because of its reduced thickness, rolled product was examined without

distinguishing surface and centerline regions.

23 Prior Austenite Grain Coarsening Study

Austenite grain coarsening was examined to assess the influence of different TiN particle
dispersions on microstructural evolution. As stated in the background section, changes in TiN
particle size, as well as volume, could change the mobility of austenite grain boundaries. For this
portion of the study, the as-received cast product quenched after exiting the tunnel furnace was
sectioned. Samples were taken from the after-furnace product, in part because there was enough
material to make several samples from the largest number of steel chemistries, and in part because

this condition was thought to be representative of the response of thin-slab cast material. The
specimens were austenitized at different temperatures ranging from 900°C (1652°F) to 1350°C

(2462°F) for 30 minutes. The specimens were quenched in iced brine, and tempered at 550°C
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(1022°F) for 1 hour (30). Tempering was performed to promote phosphorus segregation and
thereby facilitate the etching response.

The samples were mounted for metallographic preparation, mechanically ground and
polished, finishing with a 0.25 micron diamond polishing compound. The specimens were etched
using a saturated aqueous picric acid and Teepol solution, heated to just below boiling, in order to
reveal prior austenite grain boundaries. Samples were lightly back-polished and re-etched as
needed.

Photomicrographs of the specimens were obtained using an light microscope. The circle
intercept method was used to determine austenite grain size as outlined in ASTM E112. Grain
boundaries intercepting a line of known length were counted. Using equations given in ASTM
E112, grain sizes, in microns, and error estimates were attained. Five fields were used in making

these grain size determinations.

24 Ferrite Grain Size Study

Ferrite grain sizes in the final hot-rolled product were measured to assess whether the
different TiN dispersions influenced the thermomechanical processing response and final
microstructure. End product specimens, prepared previously for the precipitate study, were again
mechanically ground and polished, finishing with a 0.25 micron diamond polishing compound.
The specimens were etched in 2% Nital to reveal ferrite grain boundaries. A light microscope was
used to take photomicrographs at 500X. The intercept method outlined in the ASTM E112
standard was used to determine the ferrite grain size. Grain boundaries intercepting a line of
known length were counted. Pearlite was considered a second phase, and therefore the ferrite
grain size calculations accounted for the pearlite content. Determination of area fractions of
pearlite were made with SigmaScan Pro image analysis software from images scanned from
polaroid positives. Using measured pearlite area fractions and equations given in ASTM E112, a
corrected ferrite grain size was found. Five fields and a minimum count of 200 intersections were

made for each specimen.
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2.5 Statistical Analysis

Comparisons between precipitates from steels with different compositions were based on
a limited number of observations of TiN particles in the STEM. Conclusions were made by
analyzing an amount of data (sample) smaller than the entire body of events (population). This led
to the necessity of using statistical analysis to determine probable differences between the different
steels. This section provides some basic information on several methods of statistical analysis

performed on data collected in this study.

2.5.1 Analysis of Variance (ANOVA)

Analysis of Variance (ANOVA) focuses on F-tests for significance of differences between
sample means, where the real means are unknown. Whether or not the means are concluded to
differ depends on several factors. Larger sample sizes give more reliable information, thus even
small differences between group means may be significant if the sample sizes are large enough.
The variances (i.e. “scatter”) of the dependent variable in each group are also important, since, for
the same absolute difference in means, the difference is more significant if each group is tightly
clustered about its respective mean. Likewise, if the group is widely dispersed (high variance),
then a given difference of means is less significant (24). In this work, a group refers to data from a
particular steel sample; different groups thus refer to different combinations of chemistry and
processing.

The formulas for the t-test, a special case of one-way ANOVA (defined below), and for the
F-test used in ANOVA, are functions of the variance of the set of group means, the overall mean of
all observations, and the variances of the observations in each group weighted for group sample
size. The ANOVA procedure assumes independence of observations both within and between
groups, normality of the sampling distribution of means, and equal variances within the groups.
Although these assumptions are difficult to evaluate in practice, ANOVA can withstand

considerable departures from "normality" and "equal variance" while still providing reliable p
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values (25). The p value represents the probability of error involved in accepting an observed
result as valid, or as "representative of the population."

A one-way ANOVA test deals with one independent variable and one dependent variable.
It tests whether the groups formed by the categories of the independent variable, steel chemistry or
processing in this case, seem similar (specifically that they have the same pattern of dispersion as
measured by comparing estimates of group variances). If the groups seem different, then it is
concluded that the independent variable (e. g. steel chemistry) has an effect on the dependent
variable (mean particle size) (26). The null (H,) and alternative (H,) hypotheses are:

Hopi=pp=..= g
H;: at least one population mean differs

where p; represents the population mean of group i {i: 1, 2, . . . g}.

The procedure used to perform ANOVA partitions the variance components in the data
into variance between groups and variance within groups. Within-groups variance (S*y) is a

function of the variances of the observations in each group weighted for group size.

g

S (n,-1)S; 1]
2 _i=1
w (N-g)

where g is the number of populations to be analyzed, n; is the number of observations for the ith

sample, N is the total sample size, and S? ; is the variance of the ith sample.

Between-groups variance (SZB) is the variance of the set of group means from the overall
mean of all observations.

g

>, nil&ie = Xec) [2.2]
Sé —i=1

g-1

where the X with the single circle is the mean of the ith group (different steel groups), and the X
with the two circles is the mean of all the groups (27).
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The F-test is an overall test of the null hypothesis that group means of the dependent
variable do not differ. It is used to test the significance of each main and interaction effect. The
residual effect is not tested directly. Residuals are differences between the observed values and the
corresponding values that are predicted by the hypothesis or model (i. e. zero for a perfect fit),
representing the variance that is not explained by the model. Residual values are smaller with a
better fit of data to the model. For most ANOVA designs, F is between-groups mean square

variance divided by within-groups mean square variance.

F="2 [2.3]

If the computed F-value is around 1.0, differences in group means are only random
variations. If the computed F score is significantly greater than 1, then there is more variation
between groups than within groups, meaning the grouping variable does make a difference. The
significant differences may be very small for large sample populations (28). Note that if the
number of populations to be compared is two (g = 2), then the F-test reduces to the two-

independent-sample t-test, and the square root of F is the t-statistic (27).

2.5.2  Multiple Comparison Procedures (MCP)

Multiple Comparison Procedures (MCP) are used to assess which group means differ from
which others, after the overall F-test demonstrates that at least one difference exists. The possible
number of comparisons is g(g-1)/2, where g is the number of groups or populations to be analyzed.
Multiple comparisons help specify the exact nature of the overall effect determined by the F-test.

Post-hoc tests, such as the g-test and Tukey HSD, which will be discussed later, are used
to explore all possible interactions between groups, unlike planned comparison tests that are
limited to interactions expected in advance. Most tests of this type use the g-statistic. As a general
principle, when comparisons of group means are selected on a post hoc basis simply because the

differences in means are large, there is an expected increase in variability which can be
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compensated for by applying a more conservative test. If this is not taken into account, chances of
Type I errors, the probability of incorrectly rejecting a true statistical null hypotheses, are
substantial (24).

The g-statistic, or the Studentized range statistic, is also used in coefficients for planned
comparisons, where interactions are expected in advance based on theory. Both the q and t
statistics use the difference of means in the numerator, but where the t-statistic uses the standard
error of difference between two means in the denomina{tor, q uses the standard error of a single

group mean (28). As mentioned above, the t-statistic is the square root of the F-statistic.

%%

ﬁ [2.4]
g

Consequently, where the t-test examines the difference between two means, the g-statistic tests the

q

probability that the largest mean and smallest mean among the g groups formed by the categories
of the independent variable were sampled from the same population. In pairwise comparisons, the
g-value is equal to the t-statistic multiplied by the square root of two (28). If the g-statistic
computed for the two sample means is smaller than the critical g-value, then the null hypothesis
that the groups do not differ at the given alpha significance level (usually 0.05) cannot be rejected.
If the null hypothesis is not rejected for the largest compared to smallest group means, it follows
that all intermediate groups are also drawn from the same population - so the g-statistic is thus also
a test of homogeneity for all g groups formed by the independent variable (24).

The Tukey Honestly Significant Difference (HSD) test is preferred when the number of
groups is large as it is a very conservative pairwise comparison test, and researchers prefer to be
conservative when the large number of groups threatens to inflate Type I errors. That is, HSD is
the most conservative of the post-hoc tests in that it is the most likely to accept the null hypothesis
of no group differences. Some recommend it only when all pairwise comparisons are being tested.

The Tukey HSD test is based on the critical values of the g-statistic (the Studentized range
distribution), mentioned previously, and is limited to pairwise comparisons. The Tukey test is

compatible with the t-test if the g-values are changed using the simple relationship between the
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two statistics, mentioned above (28). Most multiple comparison procedures assume equal sample
sizes (number of particles measured) in the groups being compared (different steel chemistries).
Because multiple comparison tests are thought to be robust in face of a violation of this
assumption, tests specifically designed for unequal sample sizes are not common. Procedures,
such as the Tukey-Kramer, are used when sample sizes are markedly unequal.

The Tukey-Kramer test, which includes an extension of the HSD test by Kramer to allow
for unequal sample sizes, is recommended for the situations of equal variances, but unequal
sample sizes, as is the case in this research (28). Tukey-Kramer uses the harmonic mean of the
sample sizes of the two groups being contrasted, rather than the harmonic mean of all sample sizes
used by Tukey HSD, where the harmonic mean is the reciprocal of the mean of the reciprocals.

This technique was used in the present study to examine differences in mean particle size
when all steels were to be considered, such as whether or not steel chemistry had effects on the
particle size. Interactions were more explicitly assessed than simply using comparisons of mean
with “error bars” representing the 95% confidence interval, although these simple comparisons are

also reported and used for convenience when plotting results.

2.5.3 Application of Statistical Techniques

The precipitate study considered a number of interactions, and required the use of several
statistical analysis techniques. A one-way ANOVA test was used to assess whether or not the
precipitate size in at least one sample differed from the others. With a difference in one steel
established, the Tukey-Kramer test was used in to establish how every steel compares to every
other steel, evaluating changes in particle size based on chemistry differences. For other
comparisons between two different conditions, such as surface/centerline and different locations in

the processing of a single steel, a t-test was used to examine interactions.
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3.0 RESULTS AND DISCUSSION

The aspects examined in this project included a precipitate study, an austenite grain
coarsening study, and a ferrite grain size study. The precipitate examination was the considered to
be of primary importance in regard to the objectives of the project, with insight into the effects of
chemistry and thermomechanical processing on TiN precipitate distributions. The austenite grain
coarsening study was undertaken in order to gain a better understanding of the relative
effectiveness of TiN arrays, formed in steels of different Ti and N content, in retarding austenite
grain growth in thin slab cast steels. Ferrite grain sizes in the final hot-rolled products were
measured to assess whether there was an influence of TiN on the thermomechanical processing

response.

3.1 Precipitate Size Study

Several different effects were examined using the data obtained from the precipitate study.
An important element of the steel design under our control was steel composition, where changing
Ti and N levels could effect TiN dispersions. In addition to chemistry effects, insight into
processing effects on precipitate behavior was desired. Cooling rate effects, both within slabs and
between casting methods (i.e. thin-slab casting and conventional continuous casting), were also to
be studied with results from the precipitate study.

Photomicrographs from the Phillips 200 STEM (see example shown in Figure 3.1) were
used to make TiN precipitate size determinations. Additional STEM photomicrographs will be
shown throughout this section to illustrate representative TiN precipitates in different conditions.
Most TiN particles appear to be cuboidal in shape, although some seem to have an irregular shape
because of the way they lie in the carbon replica. The precipitates also vary in color in the
photomicrographs due to diffraction orientation differences. The background carbon layer
differed between replicas, with some seem uniform in color, others showing a more mottled

appearance. Descriptive statistics for all steels used in the precipitate study are shown in
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Appendix A. Energy dispersive spectroscopy (EDS) was used on a number of selected cuboidal
particles in order to confirm the precipitates to be TiN, an example of which is given in Figure 3.2.
The copper peak is from the copper grid used to support the replica, and the carbon peak detected
in the graph is due primarily to the carbon of the extraction replica, therefore it should be noted
that TiC particles could not be detected using this method of extraction. The carbon peak also
tends to cover the nitrogen peak, and modified experimental procedures would be needed in the

future to quantify relative carbon and nitrogen levels in the precipitate.

Figure 3.1 STEM photomicrograph of TiN particles in Steel [4] 0.022Ti, 0.016N in the end
product condition.

Particles along the centerline of the slab products were used for comparison, unless
otherwise noted, recognizing that centerline samples might show the greatest coarsening due to the
slower cooling rate. The Tukey-Kramer analysis described in the experimental methods section
was used to make a rigorous statistical comparison between mean particle sizes of different steels.
For the remaining comparisons, a t-test was used because only a single pair of results needed to be

compared at one time. The numerical results from the Tukey-Kramer analysis and t-tests are given



34

in Appendix B, and discussions are based upon the results of these tests. In order to illustrate the
results more clearly, the data will be graphically represented with plots showing only the mean

particle size and the 95% confidence interval. In an effort to explain relationships between particle
size and steel composition, solubility diagrams showing the steels being discussed with their mean

particles size are also given.

s ' T ]
K =2 18.043 kel 20.3 >}

Figure 3.2  EDS results of TiN precipitate from Steel [4] 0.022Ti, 0.016N.

3.1.1 Chemistry Effects

Steels used in this research were specifically designed to vary Ti and N levels in a
systematic way. These steels offered insight into how thin slab casting influences the TiN
precipitate distributions. This section will show results relating chemistry and precipitate size
found in this study.

Plots with mean particle sizes and 95% confidence intervals as error bars, are followed by
solubility diagrams for the as-cast slab, Figures 3.3 and 3.4, after-furnace slab, Figures 3.5 and 3.6,
and end product, Figures 3.7 and 3.8, respectively.
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3.1.1.1 As-Cast Condition

Four of the steels were sampled in the as-cast condition. The results show that the as-cast
precipitate sizes of steels [1] 0.009Ti, 0.014N, [2] 0.008Ti, 0.009N, and [7] 0.014Ti, 0.013N are
statistically indistinguishable from each other (Figure 3.3). Steel [8] 0.022Ti, 0.007N, however,
contains slightly larger TiN particles than the others in the as-cast condition, possibly due to its
near-stoichiometric composition (Figure 3.4). Near-stoichiometric compositions have previously
been avoided in steels using TiN for pinning grain boundaries due in part to the formation of larger
particles (10). This is expected due to a larger amount of titanium left in solution in comparison to

steels with excess N, as discussed earlier in the context of the Wagner coarsening equation:

s_ 3 _ 8oD[TiV

r=Te = TaT [3.1]

where decreasing [Ti], the concentration of Ti in the matrix, should decrease the coarsening rate.
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Figure 3.3 Mean TiN particle size and 95% confidence interval for as-cast samples.



Stoichiometric
(1:1) Line

AC

Titanium (wt. %)
o
=)
N
o

[2] 20.7 nm

[1] 0.009Ti, 0.014N
[2] 0.008Ti, 0.009N
[7] 0.014Ti, 0.013N
[8] 0.022Ti, 0.007N

N
271 nm \

~
-~

[7] 19.8nm  * «
A -

{11 22.0 nm =1 1500 C (liquid)
A -

1250 C 1500 C (solid)

0 0.005

Figure 3.4  Solubility

| 1 % 1
0.01 0.015 0.02 0.025 0.03
Nitrogen (wt. %)

plot with mean particle sizes for as-cast samples.

3.1.1.2  After-Furnace Condition

36

Seven steels, [11, [2], [3], [4], [5], [6], and [7] were sampled in the after-furnace condition,

i. e. after casting and soaking ~30 minutes at 1100°C prior to rolling. The results in Figure 3.5
show that steels [3] 0.048Ti, 0.008N, [5] 0.021Ti, 0.013N, and [6] 0.011Ti, 0.009N have slightly
finer TiN distributions than the other four steels. Steels [2] 0.008Ti, 0.009N and [4] 0.022Tj,

0.016N are statistically different, although both are individually similar to steel [1] 0.009Ti,

0.014N. The TiN in steel [7] was slightly coarser than the other steels.

Despite the observed differences, it should be recognized that the overall range of particle

means was within a factor of two for all steels examined here and the means were smaller than

50nm, which has been suggested to be effective in grain boundary pinning (14). The seven

different steel compositions are associated with different driving forces for precipitation, different
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Ti-solute concentrations, and different equilibrium volume fractions of TiN. These factors were
examined in an effort to explain the differences shown in Figure 3.5, although a unifying
explanation that accounts for the average TiN in each steel (relative to all of the others) was not
apparent. Some possible effects may be considered, however. For example, steel [2] has the
smallest driving force, since it would fall on a solubility isotherm closest to the origin of Figure
3.6. This could suppress nucleation, leading to the presence of few particles of larger size. The
particles in steel [4] may precipitate at a higher temperature than the other hypostoichiometric
steels according to the solubility diagram in Figure 3.6. The higher temperature may lead TiN to
precipitate at or near the solidification temperature of the steel. Due to the increased diffusion
rates at high temperatures, which assist growth and coarsening, larger particles may be present. It
is presumed that TiN precipitation occurred in the solid state in the materials used in this study,

based on solubility considerations and the absence of precipitates having a dendritic appearance.
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Figure 3.5 Mean TiN particle size and 95% confidence interval for after-furnace sample.

Steel [7] 0.014Ti, 0.013N appears to contain coarser TiN than all of the other steels. The

reason for this behavior is not clear. Processing data (e. g. furnace temperature) was reviewed to
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determine whether this steel was exposed to higher soak temperatures, but the available data did
not explain this behavior.

In light of conventional TiN technology, where hyperstoichiometric Ti:N ratios are not
employed to avoid coarsening, the relatively fine precipitates found in steel [3] are noteworthy and
this behavior will be addressed further in a later section. Furthermore, there also does not appear
to be a clear effect of solute-Ti on coarsening in the hypostoichiometric steels. For example, steels
[2], [5], and [6] are closer to stoichiometry than steels [4], [7], and [1], but have smaller average
TiN sizes despite the higher solute Ti expected at equilibrium.

Further comparisons of the after-caster and after-furnace precipitates will be made in a

later section.
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Figure 3.6  Solubility plot with mean particle sizes for after-furnace samples.
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3.1.1.3 End Product Condition

For the end product in the hot-rolled and coil-cooled condition, samples of six of the steels
were available, shown in Figure 3.7. This section examines TiN behavior based solely on Tiand N
differences; the combined effects of rolling and chemistry will be presented later in section
3.1.3.2. Differences between TiN precipitates in the hypostoichiometric steels were found to be
small, as with the after-furnace condition. Nonetheless, some composition effects are apparent.
The finest particle size, in steel [2] 0.008Ti, 0.009N, is similar only to steel [1] 0.009Ti, 0.014N.
The solubility plot shows that steel [2] has the highest solubility which gives it the lowest driving
force (Figure 3.8). That is, low driving force may result in precipitation at lower temperatures
during cooling, resulting in smaller particles. It should be noted that low driving forces might also
suppress nucleation at a given temperature (associated with increased particle size), so the
potential effects of driving force may be complex. For example, the low driving force for steel [2]
was associated in the previous section with coarser particles in the after-furnace condition. The
reversal in this trend for the final product sample points out the importance of chemistry/

processing interactions, which will be discussed further below.
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Figure 3.7 Mean TiN particle size and 95% confidence interval for end product samples.
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The particle size in steel [1] is also statistically equivalent to steels [4] 0.022Ti, 0.016N
and [6] 0.011Ti, 0.009N. Steel [5] 0.021Ti, 0.013N is also equivalent to steel [4] and steel [6]
(Appendix B). From Figure 3.8, steel [6] and steel [5] have relatively similar precipitate sizes, as
do steel [1] and steel [4]. Perhaps as excess nitrogen content is increased from steels [5] and [6] to
steels [1] and [4], the particle size decreases slightly. In support of this potential excess-N effect,
Zajac et al. (31) state that the volume fraction of fine nitrides remaining at higher temperatures

would increase with enhanced nitrogen in the hypostoichiometric region, due to the reduced

coarsening associated with a decrease in solute titanium.
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Figure 3.8  Solubility plot with mean particle sizes for end product samples.

The most significant result in Figure 3.7 is the very large precipitate size in steel [3]
0.048Ti, 0.008N for the end product condition. The previously mentioned Wagner equation shows
the TiN particle coarsening rate will be increased in proportion to the amount in titanium left in

solution. Thus, the excess-Ti steel [3] 0.048Ti, 0.008N has the potential for extensive coarsening.
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As mentioned before, the greatest particle coarsening for this hyperstoichiometric steel was
expected to be found after the soaking furnace, so it was somewhat surprising to find much larger
precipitates in the end product than in the after-furnace condition in light of the lower temperature
and shorter times associated with hot rolling. The behavior of steel [3], including the role of
processing (i. e. rolling), will be discussed in more detail later.

Summarizing the overall effects of steel composition on TiN size, it is clear that there are
some significant effects which may relate to differences in driving force, solute level, etc. The
effects are relatively small in most instances, although substantially increased mean precipitate
size was observed in the hot-rolled steel containing excess titanium. The differences between steel
types was not constant when compared at different stages during processing, and thus interactions
between chemistry and processing appear to be important. These interactions will be addressed
further in the results presented in later sections that focus on the role of downstream processing

such as the soaking furnace and hot-rolling mill.

3.1.2 Effects of Sampling Location

The cooling rate at the center of the slab would be slower than at the surface, possibly
leading to larger particles at the center. If particles formed in this cooling rate gradient are greatly
different from each other, there may be different effects on grain growth, which could influence
the mechanical properties. This factor led to the examination of changes in precipitate sizes based
on where samples were taken in the through-thickness of the slab. A t-test was used to compare
samples taken at the surface and at the centerline in three thin slab cast steels, steels [1] 0.009Ti,
0.014N, [2] 0.008Ti, 0.009N, and [7] 0.014Ti, 0.013N, the results of which are given at the end of
Appendix B. This comparison was intended to facilitate examination of uniformity and cooling

rate effects on precipitate size within a thin cast slab.
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3.1.2.1 After-Caster

In addition to steels [1], [2], and [7] mentioned above, steel [8] 0.022Ti, 0.007N was
examined for the after-caster condition at surface and center locations. The differences between
the surface and the centerline in these steels are small, with steel [2] being the only one where any
statistical difference could be found with a t-test (also shown graphically in Figure 3.9 via
comparisons of the confidence intervals). Figure 3.10 shows examples of TiN precipitates found
at the surface and the centerline of steel [2], where little difference in sizes could be found. The
small difference between Steel [8] and the others was explained in section 3.1.1.1 as a chemistry
effect associated with the increased coarsening kinetics when more Ti is left in solution in a near-

stoichiometric composition.
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Figure 3.9 Mean TiN particle size and 95% confidence interval for surface and centerline of
after-caster slab conditions.
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Figure 3.10  Photomicrographs of TiN precipitates in Steel [2] from after-caster condition
(STEM). A) Centerline and B) Surface.

3.1.2.2 After-Furnace

The same three steels examined as-cast ([1], [2], and [7]) were also examined in the after-
furnace condition. The results for the after-furnace samples (Figure 3.11) display an increase in
TiN size compared to the as-cast samples, and exhibit a greater difference between the surface and
centerline than for the as-cast samples as shown in Figure 3.9. In all cases, the centerline
precipitates are more coarse than those taken at the surface; an example of typical precipitates for
these steels is provided in Figure 3.12. The furnace apparently plays an important role by
providing time at temperature for continued TiN growth and coarsening to occur (coarsening
between processing steps would be greatest at the slowest cooling area, the centerline). The
centerline in steel [7] shows the most coarsening. It should be noted that coarser TiN was reported
previously in the after-furnace condition (Figure 3.5).

The steels in this study were assumed to have homogeneous composition throughout their
cross-section. Any composition variations between surface and center could influence the local

equilibrium conditions and particle sizes.
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Comparison of surface/center particles was not conducted for the end product samples,

due to the reduced thickness of the cross-section.
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Figure 3.11 Mean TiN particle size and 95% confidence interval for surface and centerline of
after-furnace slab conditions.

Figure 3.12  Photomicrographs of TiN precipitates in steel [2] from after-furnace condition
(STEM). A) Centerline and B) Surface.
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3.1.3 Processing Effects

Evolution of the TiN precipitate dispersions during tunnel furnace soaking and hot-rolling
is considered in the following sections. Centerline specimens were used to examine these effects.
Results presented earlier indicate that the TiN dispersion is coarser at the centerline than at the

surface, and the centerline location was selected to best represent the differences between steels.

3.1.3.1 Effects of Tunnel Furnace

The after-furnace precipitates are consistently larger than those of the after-caster product.
The change in size is quite noticeable, as shown in Figure 3.13. These results are also given in a
solubility plot, Figure 3.14. Photomicrographs of TiN particles found in steels [1] and [2] are
presented in Figures 3.15 and 3.16, showing examples of the TiN coarsening observed in the

soaking furnace.

The soaking temperatures, around 1100°C for these thin slab steels, coupled with the
soaking time in the furnace, apparently give the particles an environment conducive to further
coarsening. The differences in particles size between the steels are presumably due to changes in
Ti and N concentrations, since the time and temperature were similar between the steels.

The particles in steel [2], with lowest driving force for precipitation, and steel [1], with the
least solute Ti upon cooling, exhibit nearly the same increase in particle size (Figure 3.14) in the
tunnel furnace. The titanium left in solution in steel [7] would fall between the values in the other
two steels as it cooled along a path parallel to the stoichiometric line, and thus there 1s no reason to
expect a noticeably higher coarsening rate in steel [7]. Nonetheless, the particles in steel [7]
appear larger in the after-furnace condition. It is possible that the higher TiN volume fraction
expected in steel [7] is responsible. That is, the precipitation process may be incomplete in the cast
slab, and continued particle growth may be greater in steel [7] due to the increased fraction of TiN
expected. It should be noted that the volume fraction of precipitates is not accurately available
from extraction replicas, and so particle growth associated with increasing total volume fraction

(distinct from coarsening) during tunnel furnace soaking is difficult to assess quantitatively.
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Figure 3.13 Mean TiN particle size and 95% confidence interval at centerline of after-caster and
after-furnace slab products.
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Figure 3.15 Photomicrographs of TiN precipitates in steel [1] 0.009T1, 0.014N (STEM).
From centerline of: A) After-caster and B) After-furnace.

Figure 3.16 Photomicrographs of TiN precipitates in steel [2] 0.008T1, 0.009N (STEM).
From centerline of: A) After-caster and B) After-furnace.
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3.1.3.2 Effects of Rolling Process

Samples from the centerline of the after-furnace condition were compared to the end
products. By comparing these two sets of data, the role of the continued processing through the
rolling mill and subsequent cooling should be revealed.

As mentioned earlier, the samples from the end product were taken without differentiating
between centerline and surface due to reduced cross-sectional area (the sheet thickness being
similar to the TEM specimen size). This may lead to the end product data being slightly skewed,
possibly reporting a smaller particle size. That is, some small differences reported in particle size
may be due to differences in the region of origin on the cross-section in the end product sample.

The results are shown in Figure 3.17 and plotted on a solubility chart in Figure 3.18 for the
six steels available in both conditions. The high-Ti hyperstoichiometric steel, steel [3], is
noticeably different from the other steels, which are hypostoichiometric, or have excess nitrogen.
There are also some small changes apparent in particle size within the excess nitrogen group of
steels. The solubility plot, Figure 3.18, shows that the precipitates in steel [2], with the smallest
driving force for precipitation, and steels [1] and [4], with the most excess nitrogen, are on average
slightly finer in the end product compared to the after-furnace condition. Representative
photomicrographs of precipitates found in steels [1], [2], [4], [5], and [6] are presented in Figures
3.19 through 3.23, for the two processing conditions, and are discussed below.

In a study by Peterson et a/.(32,39), based on conventionally cast slabs, it was reported
that precipitation of TiN in undeformed austenite is slow and that hot direct rolled samples have a
higher proportion of titanium remaining in solution at the onset of rolling, compared to cold
charged slabs. That is, they suggest that much of the titanium precipitates as a fine dispersion after
rolling begins, compared to a coarser dispersion existing after reheating in the cold-charged
material, as shown by the particle size distribution results reproduced in Figure 3.24. Perhaps the
low driving force associated with steels [1] and [2] results in less precipitation before rolling,
leaving more Ti in solution at the onset of rolling, and consequently formation of fine particles
during rolling and thus a finer average particle size. Sauthoff indicates that nucleation is enhanced

by deformation, contributing to this mechanism of precipitate “refinement.”
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Figure 3.17 Mean TiN particle size and 95% confidence interval of end product and after-
furnace slab condition (centerline).

The other three steels, steel [3], with excess titanium, and steels [S] and [6], which are both
hypostoichiometric with high driving forces, coarsen between the after-furnace condition and the
end product, i. e. during rolling. Ostwald ripening is a well documented mechanism by which
large particles coarsen at the expense of the smaller particles (33). The overall result of Ostwald
ripening is that the total number of particles decreases and the mean radius increases. The fact that
steels [5] and [6] have a higher concentration of Ti left in solution upon cooling than the other

hypostoichiometric steels would facilitate the Ostwald ripening process, as discussed previously.
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Figure 3.18  Solubility plot comparing mean particle sizes for end product and after-furnace

Figure 3.19 Photomicrographs of TiN

samples.

precipitates in steel [1] 0.009Ti, 0.014N (STEM).

A) After-furnace (centerline) and B) End product.



51

Figure 3.20 Photomicrographs of TiN precipitates in steel [2] 0.008Ti, 0.009N (STEM).
A) After-furnace (centerline) and B) End product.

Figure 3.21 Photomicrographs of TiN precipitates in steel [4] 0.022Ti, 0.016N (STEM).
A) After-furnace and B) End product.



