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Description

Field of Invention

[0001] This application deals with metal alloys and methods of processing with application to slab casting methods
with post processing steps towards sheet production. These metals provide unique structures and exhibit advanced
property combinations of high strength and/or high
ductility.

Background

[0002] Steels have been used by mankind for at least 3,000 years and are widely utilized in industry comprising over
80% by weight of all metallic alloys in industrial use. Existing steel technology is based on manipulating the eutectoid
transformation. The first step is to heat up the alloy into the single phase region (austenite) and then cool or quench the
steel at various cooling rates to form multiphase structures which are often combinations of fenite, austenite, and ce-
mentite. Depending on how the steel is cooled, a wide variety of characteristic microstructures (i.e. pearlite, kainite, and
martensite) can be obtained with a wide range of properties. This manipulation of the eutectoid transformation has
resulted in the wide variety of steels available nowadays.
[0003] Currently, there are over 25,000 worldwide equivalents in 51 different ferrous alloy metal groups. For steel,
which is produced in sheet form, broad classifications may be employed based on tensile strength characteristics. Low
Strength Steels (LSS) may be understood herein as exhibiting tensile strengths less than 270 MPa and include types
such as interstitial free and mild steels. High-Strength Steels (HSS) may be understood herein as exhibiting tensile
strengths from 270 to 700 MPa and include types such as high strength low alloy, high strength interstitial free and bake
hardenable steels. Advanced High-Strength Steels (AHSS) steels may be understood herein as having tensile strengths
greater than 700 MPa and include types such as martensitic steels (MS), dual phase (DP) steels, transformation induced
plasticity (TRIP) steels, and complex phase (CP) steels. As the strength level increases, the ductility of the steel generally
decreases. For example, LSS, HSS and AHSS may indicate tensile elongations at levels of 25% to 55%, 10% to 45%
and 4% to 30%, respectively.
[0004] Steel material production in the United States is currently about 100 million tons per year worth about $75
billion. According to the American Iron and Steel Institute, 24% of the US steel production is utilized in the auto industry.
Total steel in the average 2010 vehicle was about 60%. New advanced high-strength steels (AHSS) account for 17%
of the vehicle and this is expected to grow up to 300% by the year 2020. [American Iron and Steel Institute. (2013).
Profile 2013. Washington, D.C.]
[0005] Continuous casting, also called strand casting, is the process whereby molten metal is solidified into a "semi-
finished" billet, bloom, or slab for subsequent rolling in the finishing mills. Prior to the introduction of continuous casting
in the 1950s, steel was poured into stationary molds to form ingots. Since then, "continuous casting" has evolved to
achieve improved yield, quality, productivity and cost efficiency. It allows lower-cost production of metal sections with
better quality, due to the inherently lower costs of continuous, standardized production of a product, as well as providing
increased control over the process through automation. This process is used most frequently to cast steel (in terms of
tonnage cast). Continuous casting of slabs with either in-line hot rolling mill or subsequent separate hot rolling is important
post processing steps to produce coils of sheet. Thick slabs are typically cast from 150 to 500 mm thick and then allowed
to cool to room temperature. Subsequent hot rolling of the slabs after preheating in tunnel furnaces is done is several
stages through both roughing and hot rolling mills to get down to thicknesses typically from 2 to 10 mm in thickness.
Thin slab castings starts with an as-cast thickness of 20 to 150 mm and then is usually followed through in-line hot rolling
in a number of steps in sequence to get down to thicknesses typically from 2 to 10 mm. There are many variations of
this technique such as casting at thicknesses of 100 to 300 mm to produce intermediate thickness slabs which are
subsequently hot rolled. Additionally, other casting processes are known including single and double belt casting proc-
esses which produce as-cast thickness in the range of 5 to 100 mm in thickness and which are usually in-line hot rolled
to reduce the gauge thickness to targeted levels for coil production. In the automotive industry, forming of parts from
sheet materials from coils is accomplished through many processes including bending, hot and cold press forming,
drawing, or further shape rolling. US 2013/233452 A1, US 8 257 512 B1, US 2001/004910 A1, and WO 2013/119334
A1 describes methods of the prior art for providing steel.

Summary

[0006] The present disclosure relates to a method of production. The method comprises

a. supplying a metal alloy comprising Fe at a level of 61.0 to 88.0 atomic percent, Si at a level of 0.5 to 9.0 atomic
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percent, Mn at a level of 0.9 to 19.0 atomic percent, Ni at a level of 0.1 to 9.0 atomic percent, Cr at a level of 0.1 to
19.0 atomic percent, C at a level of 0.1 to 4.0 atomic percent, optionally Cu at a level of 0.1 to 4.0 atomic percent,
and impurities, wherein said metal alloy is boron-free,

b. melting said metal alloy and cooling and solidifying and forming a solidified alloy having a thickness of greater
than or equal to 20 mm and up to 500 mm and a yield strength of 300 MPa to 600 MPa, wherein said solidified alloy
has a melting point (Tm)

c. heating said solidified alloy to a temperature of 700 °C to below said alloy Tm and reducing said thickness of said
solidified alloy at a strain rate of 10-6 to 104 s-1 to provide a first resulting alloy having a yield strength of 200 MPa
to 1000 MPa; and

d. stressing the first resulting alloy above said yield strength to provide a second resulting alloy having a thickness
of 0.1 mm to 25.0 mm, wherein the second resulting alloy has a tensile strength of 400 MPa to 1825 MPa, and an
elongation of 2.4 to 78.1%.

[0007] Accordingly, the alloys produced by the method have application to continuous casting processes including
belt casting, thin strip / twin roll casting, thin slab casting and thick slab casting. The alloys find particular application in
vehicles, such as vehicle frames, drill collars, drill pipe, pipe casing, tool joint, wellhead, compressed gas storage tanks
or liquefied natural gas canisters.

Brief Description Of The Drawings

[0008] The detailed description below may be better understood with reference to the accompanying FIGs which are
provided for illustrative purposes and are not to be considered as limiting any aspect of this invention.

FIG. 1 illustrates a continuous slab casting process flow diagram.
FIG. 2 illustrates an example thin slab casting process flow diagram showing steel sheet production steps.
FIG. 3 illustrates a hot (cold) rolling process.
FIG. 4 illustrates the formation of Class 1 steel alloys.
FIG. 5 illustrates a model stress - strain curve corresponding to Class 1 alloy behavior.
FIG. 6 illustrates the formation of Class 2 steel alloys.
FIG. 7 illustrates a model stress - strain curve corresponding to Class 2 alloy behavior.
FIG. 8 illustrates structures and mechanisms in the alloys herein applicable to sheet production with the identification
of the Mechanism #0 (Dynamic Nanophase Refinement) which is preferably applicable to the Modal Structure
(Structure #1) that is formed at thicknesses greater than or equal to 2.0 mm or at cooling rates of less than or equal
to 250 K/s.
FIG. 9 illustrates an example stress strain curve of boron-free Alloy 63 in hot rolled state.
FIG. 10 Backscattered electron images of microstructure in the Alloy 65 cast at 50 mm thickness: (a) as-cast; (b)
after hot rolling at 1250°C; (c) after cold rolling to 1.2 mm thickness.

Detailed Description

Continuous Slab Casting

[0009] A slab is a length of metal that is rectangular in cross-section. Slabs can be produced directly by continuous
casting and are usually further processed via different processes (hot/cold rolling, skin rolling, batch heat treatment,
continuous heat treatment, etc.). Common final products include sheet metal, plates, strip metal, pipes, and tubes.

Thick Slab Casting Description

[0010] Thick slab casting is the process whereby molten metal is solidified into a "semifinished" slab for subsequent
rolling in the finishing mills. In the continuous casting process pictured in FIG. 1, molten steel flows from a ladle, through
a tundish into the mold. Once in the mold, the molten steel freezes against the water-cooled copper mold walls to form
a solid shell. Drive rolls lower in the machine continuously withdraw the shell from the mold at a rate or "casting speed"
that matches the flow of incoming metal, so the process ideally runs in steady state. Below mold exit, the solidifying
steel shell acts as a container to support the remaining liquid. Rolls support the steel to minimize bulging due to the
ferrostatic pressure. Water and air mist sprays cool the surface of the strand between rolls to maintain its surface
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temperature until the molten core is solid. After the center is completely solid (at the "metallurgical length") the strand
can be torch cut into slabs with typical thickness of 150 to 500 mm. In order to produce thin sheet from the slabs, they
must be subjected to hot rolling with substantial reduction that is a part of post-processing. The hot rolling may be done
in both roughing mills which are often reversible allowing multiple passes and with finishing fills with typically 5 to 7
stands in series. After hot rolling, the resulting sheet thickness is typically in the range of 2 to 5 mm. Further gauge
reduction would occur normally through subsequent cold rolling.

Thin Slab Casting Description

[0011] A schematic of the thin slab casting process is shown in FIG. 2. The thin slab casting process can be separated
into three stages. In Stage 1, the liquid steel is both cast and rolled in an almost simultaneous fashion. The solidification
process begins by forcing the liquid melt through a copper or copper alloy mold to produce initial thickness typically from
50 to 110 mm in thickness but this can be varied (i.e. 20 to 150 mm) based on liquid metal processability and production
speed. Almost immediately after leaving the mold and while the inner core of the steel sheet is still liquid, the sheet
undergoes reduction using a multistep rolling stand which reduces the thickness significantly down to 10 mm depending
on final sheet thickness targets. In Stage 2, the steel sheet is heated by going through one or two induction furnaces
and during this stage the temperature profile and the metallurgical structure is homogenized. In Stage 3, the sheet is
further rolled to the final gage thickness target which may be in the 0.5 to 15 mm thickness range. Typically, during the
hot rolling process, the gauge reduction will be done in 5 to 7 steps as the sheet is reduced through 5 to 7 mills in series.
Immediately after rolling, the strip is cooled on a run-out table to control the development of the final microstructure of
the sheet prior to coiling into a steel roll.
[0012] While the three stage process of forming sheet in thin slab casting is part of the process, the response of the
alloys herein to these stages is unique based on the mechanisms and structure types described herein and the resulting
novel combinations of properties.

Post-Processing Methods

Hot rolling

[0013] Hot rolled steel is formed to shape while it is red-hot then allowed to cool. Flat rolling is the most basic form of
rolling with the starting and ending material having a rectangular cross-section. The schematic illustration of a rolling
process for metal sheets is presented in FIG. 3. Hot rolling is a part of sheet production in order to reduce sheet thickness
towards targeted values by utilizing the enhanced ductility of sheet metal at elevated temperature when high level of
rolling reduction can be achieved. Hot rolling can be a part of casting process when one (Thin Strip casting) or multiple
(Thin Slab Casting) stands are built-in in-line. In a case of Thick (Traditional) Slab Casting, the slab is first reheated in
a tunnel furnace and then moves through a series of mill stands (FIG. 3). To produce sheet with targeted thickness, hot
rolling is a part of post-processing on separate Hot Rolling Mill Production Lines is also applied. Since red-hot steel
contracts as it cools, the surface of the metal is slightly rough and the thickness may vary a few thousandths of an inch.
Commonly, cold rolling is a following step to improve quality in the final sheet product.

Cold rolling

[0014] Cold rolled steel is made by passing cold steel material through heavy rollers which compress the metal to its
final shape and dimension. It is a common step of post-processing during sheet production when different cold rolling
mills can be utilized depending on material properties, cold rolling objective and targeted parameters. When sheet
material undergoes cold rolling, its strength, hardness as well as the elastic limit increase. However, the ductility of the
metal sheet decreases due to strain hardening thus making the metal more brittle. As such, the metal must be an-
nealed/heated from time to time between passes during the rolling operation to remove the undesirable effects of cold
deformation and to increase the formability of the metal. Thus obtaining large thickness reduction can be time and cost
consuming. In many cases, multi-stand cold rolling mills with in-line annealing are utilized wherein the sheet is affected
by elevated temperature for a short period of time (usually 2 to 5 min) by induction heating while it moves along the
rolling line. Cold rolling allows a much more precise dimensional accuracy and final sheet products have a smoother
surface (better surface finish) than those from hot rolling.

Heat treatment

[0015] To get the targeted mechanical properties, post-processing annealing of the sheet materials is usually imple-
mented. Typically, annealing of steel sheet products is performed in two ways at a commercial scale: batch annealing
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or continuous annealing. During a batch annealing process, massive coils of the sheet slowly heat and cool in furnaces
with a controlled atmosphere. The annealing time can be from several hours to several days. Due to the large mass of
the coils which may be typically 5 to 25 ton in size, the inside and outside parts of the coils will experience different
thermal histories in a batch annealing furnace which can lead to differences in resulting properties. In the case of a
continuous annealing process, uncoiled steel sheets pass through heating and cooling equipment for several minutes.
The heating equipment is usually a two-stage furnace. The first stage is high temperature heat treatment which provides
recrystallization of microstructure. The second stage is low temperature heat treatment and it offers artificial ageing of
microstructure. A proper combination of the two stages of overall heat treatment during continuous annealing provides
the target mechanical properties. The advantages of continuous annealing over conventional batch annealing are the
following: improved product uniformity; surface cleanliness and shape; ability to produce a wide range of steel grades.

Structures And Mechanisms

[0016] The following discussion of Class 1 and Class 2 steel merely serves to provide background information and
does not form part of the invention which is given by the claims. The steel alloys herein are such that they are initially
capable of formation of what is described herein as Class 1 or Class 2 Steel which are preferably crystalline (non-glassy)
with identifiable crystalline grain size and morphology.

Class 1 Steel

[0017] The formation of Class 1 Steel herein is illustrated in FIG. 4. As shown therein, a modal structure is initially
formed which modal structure is the result of starting with a liquid melt of the alloy and solidifying by cooling, which
provides nucleation and growth of particular phases having particular grain sizes. Reference herein to modal may
therefore be understood as a structure having at least two grain size distributions. Grain size herein may be understood
as the size of a single crystal of a specific particular phase preferably identifiable by methods such as scanning electron
microscopy or transmission electron microscopy. Accordingly, Structure #1 of the Class 1 Steel may be preferably
achieved by processing through either laboratory scale procedures as shown and/or through industrial scale methods
involving chill surface processing methodology such as twin roll processing, thin slab casting or thick slab casting. The
modal structure of Class 1 Steel will therefore initially indicate, when cooled from the melt, the following grain sizes: (1)
matrix grain size of 500 nm to 20,000 nm containing austenite and/or ferrite; (2) boride grain size of 25 nm to 5000 nm
(i.e. non-metallic grains such as M2B where M is the metal and is covalently bonded to B). The boride grains may also
preferably be "pinning" type phases which is reference to the feature that the matrix grains will effectively be stabilized
by the pinning phases which resist coarsening at elevated temperature. Note that the metal boride grains have been
identified as exhibiting the M2B stoichiometry but other stoichiometry is possible and may provide pinning including M3B,
MB (M1B1), M23B6, and M7B3.
[0018] The Modal Structure of Class 1 Steel may be deformed by thermo-mechanical processes and undergo various
heat treatments, resulting in some variation in properties, but the Modal Structure may be maintained.
[0019] When the Class 1 Steel noted above is exposed to a tensile stress, the observed stress versus strain diagram
is illustrated in FIG. 5. It is therefore observed that the modal structure undergoes what is identified as the Dynamic
Nanophase Precipitation leading to a second type structure for the Class 1 Steel. Such Dynamic Nanophase Precipitation
is therefore triggered when the alloy experiences a yield under stress, and it has been found that the yield strength of
Class 1 Steels which undergo Dynamic Nanophase Precipitation may preferably occur at 300 MPa to 840 MPa. Accord-
ingly, it may be appreciated that the Dynamic Nanophase Precipitation occurs due to the application of mechanical
stress that exceeds such indicated yield strength. The Dynamic Nanophase Precipitation itself may be understood as
the formation of a further identifiable phase in the Class 1 Steel which is termed a precipitation phase with an associated
grain size. That is, the result of such Dynamic Nanophase Precipitation is to form an alloy which still indicates identifiable
matrix grain size of 500 nm to 20,000 nm, boride pinning grain sizeof 20 nm to 10000 nm, along with the formation of
precipitation grains of hexagonal phases with 1.0 nm to 200 nm in sizeAs noted above, the grain sizes therefore do not
coarsen when the alloy is stressed, but does lead to the development of the precipitation grains as noted.
[0020] Reference to the hexagonal phases may be understood as a dihexagonal pyramidal class hexagonal phase
with a P63mc space group (#186) and/or a ditrigonal dipyramidal class with a hexagonal P6bar2C space group (#190).
In addition, the mechanical properties of such second type structure of the Class 1 Steel are such that the tensile strength
is observed to fall in the range of 630 MPa to 1150 MPa, with an elongation of 10 to 40%. Furthermore, the second type
structure of the Class 1 Steel is such that it exhibits a strain hardening coefficient between 0.1 to 0.4 that is nearly flat
after undergoing the indicated yield. The strain hardening coefficient is reference to the value of n In the formula σ = K
εn, where σ represents the applied stress on the material, ε is the strain and K is the strength coefficient. The value of
the strain hardening exponent n lies between 0 and 1. A value of 0 means that the alloy is a perfectly plastic solid (i.e.
the material undergoes non-reversible changes to applied force), while a value of 1 represents a 100% elastic solid (i.e.
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the material undergoes reversible changes to an applied force). Table 1 below provides a comparison and performance
summary for Class 1 Steel herein.

Class 2 Steel

[0021] The formation of Class 2 Steel herein is illustrated in FIG. 6. Class 2 steel may also be formed herein from the
identified alloys, which involves two new structure types after starting with Structure #1, Modal Structure, followed by
two new mechanisms identified herein as Static Nanophase Refinement and Dynamic Nanophase Strengthening. The
structure types for Class 2 Steel are described herein as Nanomodal Structure and High Strength Nanomodal Structure.
Accordingly, Class 2 Steel herein may be characterized as follows: Structure #1 - Modal Structure (Step #1), Mechanism
#1 - Static Nanophase Refinement (Step #2), Structure #2 - Nanomodal Structure (Step #3), Mechanism #2 - Dynamic
Nanophase Strengthening (Step #4), and Structure #3 - High Strength Nanomodal Structure (Step #5).
[0022] As shown therein, Structure #1 is initially formed in which Modal Structure is the result of starting with a liquid
melt of the alloy and solidifying by cooling, which provides nucleation and growth of particular phases having particular
grain sizes. Grain size herein may again be understood as the size of a single crystal of a specific particular phase
preferably identifiable by methods such as scanning electron microscopy or transmission electron microscopy. Accord-
ingly, Structure #1 of the Class 2 Steel may be preferably achieved by processing through either laboratory scale
procedures as shown and/or through industrial scale methods involving chill surface processing methodology such as
twin roll processing or thin slab casting.
[0023] The Modal Structure of Class 2 Steel will therefore initially indicate, when cooled from the melt, the following
grain sizes: (1) matrix grain size of 200 nm to 200,000 nm containing austenite and/or ferrite; (2) boride grain sizes, if
present, of 10 nm to 5000 nm (i.e. non-metallic grains such as M2B where M is the metal and is covalently bonded to
B). The boride grains may also preferably be "pinning" type phases which are referenced to the feature that the matrix
grains will cffcctivcly be stabilized by the pinning phases which resist coarsening at elevated temperature. Note that the

Table 1 Comparison of Structure and Performance for Class 1 Steel

Property / 
Mechanism

Class 1 Steel

Structure #1 Modal Structure Structure #2 Modal Nanophase Structure

Structure 
Formation

Starting with a liquid melt, 
solidifying this liquid melt and 

forming directly

Dynamic Nanophase Precipitation occurring through the 
application of mechanical stress

Transformations Liquid solidification followed by 
nucleation and growth

Stress induced transformation involving phase formation 
and precipitation

Enabling Phases Austenite and / or ferrite with boride 
pinning (if present)

Austenite, optionally ferrite, boride pinning phases (if 
present), and hexagonal phase(s) precipitation

Matrix Grain Size 500 to 20,000 nm Austenite and/or 
ferrite

500 to 20,000 nm Austenite optionally ferrite

Boride Size (if 
present)

25 to 5000 nm Non metallic (e.g. 
metal boride)

20 to 10000 nm Non-metallic (e.g. metal boride)

Precipitation 
Grain Size

-- 1 nm to 200 nm Hexagonal phase(s)

Tensile 
Response

Intermediate structure; transforms 
into Structure #2 when undergoing 

yield

Actual with properties achieved based on structure type 
#2

Yield Strength 300 to 600 MPa 300 to 840 MPa

Tensile Strength -- 630 to 1150 MPa

Total Elongation -- 10 to 40%

Strain Hardening 
Response

-- Exhibits a strain hardening coefficient between 0.1 to 0.4 
and a strain hardening coefficient as a function of strain 
which is nearly flat or experiencing a slow increase until 

failure
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metal boride grains have been identified as exhibiting the M2B stoichiometry but other stoichiometry is possible and may
provide pinning including M3B, MB (M1B1), M23B6, and M7B3 and which are unaffected by Mechanisms #1 or #2 noted
above. Reference to grain size is again to be understood as the size of a single crystal of a specific particular phase
preferably identifiable by methods such as scanning electron microscopy or transmission electron microscopy. Further-
more, Structure # 1 of Class 2 steel herein includes austenite and/or ferrite along with such boride phases.
[0024] In FIG. 7, a stress strain curve is shown that represents the steel alloys herein which undergo a deformation
behavior of Class 2 steel. The Modal Structure is preferably first created (Structure #1) and then after the creation, the
Modal Structure may now be uniquely refined through Mechanism #1, which is a Static Nanophase Refinement mech-
anism, leading to Structure #2. Static Nanophase Refinement is reference to the feature that the matrix grain sizes of
Structure #1 which initially fall in the range of 200 nm to 200,000 nm are reduced in size to provide Structure 2 which
has matrix grain sizes that typically fall in the range of 50 nm to 5000 nm. Note that the boride pinning phase, if present,
can change size significantly in some alloys, while it is designed to resist matrix grain coarsening during the heat
treatments. Due to the presence of these boride pinning sites, the motion of a grain boundaries leading to coarsening
would be expected to be retarded by a process called Zener pinning or Zener drag. Thus, while grain growth of the
matrix may be energetically favorable due to the reduction of total interfacial area, the presence of the boride pinning
phase will counteract this driving force of coarsening due to the high interfacial energies of these phases.
[0025] Characteristic of the Static Nanophase Refinement (Mechanism #1) in Class 2 steel, if borides are present, is
such that the micron scale austenite phase (gamma-Fe) which was noted as falling in the range of 200 nm to 200,000
nm is partially or completely transformed into new phases (e.g. ferrite or alpha-Fe) at elevated temperature. The volume
fraction of ferrite (alpha-iron) initially present in the modal structure (Structure 1) of Class 2 steel is 0 to 45%. The volume
fraction of ferrite (alpha-iron) in Structure #2 as a result of Static Nanophase Refinement (Mechanism #2) is typically
from 20 to 80% at elevated temperature and then reverts back to austenite (gamma-iron) upon cooling to produce
typically from 20 to 80% austenite at room temperature. The static transformation preferably occurs during elevated
temperature heat treatment and thus involves a unique refinement mechanism since grain coarsening rather than grain
refinement is the conventional material response at elevated temperature.
[0026] Accordingly, if borides are present, grain coarsening does not occur with the alloys of Class 2 Steel herein
during the Static Nanophase Refinement mechanism. Structure #2 is uniquely able to transform to Structure #3 during
Dynamic Nanophase Strengthening and as a result Structure #3 is formed and indicates tensile strength values in the
range from 400 to 1825 MPa with 2.4 to 78.1% total elongation.
[0027] Depending on alloy chemistries, nanoscale precipitates can form during Static Nanophase Refinement and the
subsequent thermal process in some of the non-stainless high-strength steels. The nano-precipitates are in the range
of 1 nm to 200 nm, with the majority (>50%) of these phases 10 ∼ 20 nm in size, which are much smaller than matrix
grains or the boride pinning phase formed in Structure #1 for retarding matrix grain coarsening when present. Also,
during Static Nanophase Refinement, the boride grains, if present, are found to be in a range from 20 to 10000 nm in size.
[0028] Expanding upon the above, in the case of the alloys herein that provide Class 2 Steel, when such alloys exceed
their yield point, plastic deformation at constant stress occurs followed by a dynamic phase transformation leading toward
the creation of Structure #3. More specifically, after enough strain is induced, an inflection point occurs where the slope
of the stress versus strain curve changes and increases (FIG. 7) and the strength increases with strain indicating an
activation of Mechanism #2 (Dynamic Nanophase Strengthening).
[0029] With further straining during Dynamic Nanophase Strengthening, the strength continues to increase but with
a gradual decrease in strain hardening coefficient value up to nearly failure. Some strain softening occurs but only near
the breaking point which may be due to reductions in localized cross sectional area at necking. Note that the strengthening
transformation that occurs in the material straining under the stress generally defines Mechanism #2 as a dynamic
process, leading to Structure #3. By dynamic, it is meant that the process may occur through the application of a stress
which exceeds the yield point of the material. The tensile properties that can be achieved for alloys that achieve Structure
3 include tensile strength values in the range from 400 to 1825 MPa and 2.4 % to 78.1% total elongation. The level of
tensile properties achieved is also dependent on the amount of transformation occurring as the strain increases corre-
sponding to the characteristic stress strain curve for a Class 2 steel.
[0030] Thus, depending on the level of transformation, tunable yield strength may also now be developed in Class 2
Steel herein depending on the level of deformation and in Structure #3 the yield strength can ultimately vary from 200
MPa to 1650 MPa. That is, conventional steels outside the scope of the alloys here exhibit only relatively low levels of
strain hardening, thus their yield strengths can be varied only over small ranges (e.g., 100 to 200 MPa) depending on
the prior deformation history. In Class 2 steels herein, the yield strength can be varied over a wide range (e.g. 200 to
1650 MPa) as applied to the Structure #2 transformation into Structure #3, allowing tunable variations to enable both
the designer and end users in a variety of applications, and utilize Structure #3 in various applications such as crash
management in automobile body structures.
[0031] With regards to this dynamic mechanism shown in FIG. 6, new and/ or additional precipitation phase or phases
are observed that indicates identifiable grain sizes of 1 nm to 200 nm. In addition, there is the further identification in
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said precipitation phase a dihexagonal pyramidal class hexagonal phase with a P63mc space group (#186), a ditrigonal
dipyramidal class with a hexagonal P6bar2C space group (#190), and/or a M3Si cubic phase with a Fm3m space group
(#225). Accordingly, the dynamic transformation can occur partially or completely and results in the formation of a
microstructure with novel nanoscale / near nanoscale phases providing relatively high strength in the material. Structure
#3 may be understood as a microstructure having matrix grains sized generally from 25 nm to 2500 nm which are pinned
by boride phases, which are in the range of 20 nm to 10000 nm and with precipitate phases which are in the range of
1 nm to 200 nm. Note that in the absence of boride pinning phases, the refinement may be somewhat less and/or some
matrix coarsening may occur resulting in matrix grains which are sized from 25 nm to 25000 nm. The initial formation
of the above referenced precipitation phase with grain sizes of 1 nm to 200 nm starts at Static Nanophase Refinement
and continues during Dynamic Nanophase Strengthening leading to Structure #3 formation. The volume fraction of the
precipitation grains with 1 nm to 200 nm in size increases in Structure #3 as compared to Structure #2 and assists with
the identified strengthening mechanism. It should also be noted that in Structure #3, the level of gamma-iron is optional
and may be eliminated depending on the specific alloy chemistry and austenite stability. Table 2 below provides a
comparison of the structure and performance of Class 2 Steel herein:

Table 2 Comparison Of Structure and Performance of Class 2 Steel, - not part of the invention.

Property / 
Mechanism

Class 2 Steel

Structure #1 
Modal Structure

Structure #2 Nanomodal Structure Structure #3 High Strength 
Nanomodal Structure

Structure 
Formation

Starting with a 
liquid melt, 

solidifying this 
liquid melt and 
forming directly

Static Nanophase Refinement 
mechanism occurring during heat 

treatment

Dynamic Nanophase 
Strengthening mechanism 

occurring through application 
of mechanical stress

Transformations Liquid solidification 
followed by 

nucleation and 
growth

Solid state phase transformation of 
supersaturated gamma iron

Stress induced transformation 
involving phase formation and 

precipitation

Enabling Phases Austenite and / or 
ferrite with boride 
pinning phases (if 

present)

Ferrite, austenite, boride pinning 
phases (if present), and hexagonal 

phase precipitation

Ferrite, optionally austenite, 
boride pinning phases (if 
present), hexagonal and 

additional phases precipitation

Matrix Grain Size 200 nm to 200,000 
nm austenite

Grain refinement if borides are present 
50 nm to 5000 nm

Grain size-further refinement to 
25 nm to 2500 nm (if boride 

phases not present refinement 
and/or coarsening to 25 nm to 

25000 nm)

Boride Grain Size 
(if present)

10 nm to 5000 nm 
borides (e.g. metal 

boride)

20 nm to 10000 nm borides (e.g. metal 
boride)

20 to 10000 nm borides (e.g. 
metal boride)

Precipitation 
Grain Size

- 1 nm to 200 nm 1 nm to 200 nm

Tensile 
Response

Actual with 
properties 

achieved based on 
structure type #1

Intermediate structure; transforms into 
Structure #3 when undergoing yield

Actual with properties achieved 
based on formation of structure 

type #3 and fraction of 
transformation.

Yield Strength 300 to 600 MPa 200 to 1000 MPa 200 to 1650 MPa

Tensile Strength -- -- 400 to 1825 MPa

Total Elongation -- -- 2.4% to 78.1%
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New Pathways For Modal Structure

[0032] Pathways for the development of High Strength Nanomodal Structure formation are as noted described in FIG.
6. A new pathway is disclosed herein as shown in FIG. 8. It starts with Structure #1, Modal Structure but includes
additional Mechanism #0 - Dynamic Nanophase Refinement leading to formation of Structure #1a - Homogenized Modal
Structure (FIG. 8). More specifically, Dynamic Nanophase Refinement is the application of elevated temperature (700
°C to a temperature just below the melting point) with stress (as provided by strain rates of 10-6 to 104 s-1) sufficient to
cause a thickness reduction in the metal, which can occur with various processes including hot rolling, hot forging, hot
pressing, hot piercing, and hot extrusion. It also leads to, as discussed more fully below, a refinement to the morphology
of the metal alloy.
[0033] The Dynamic Nanophase Refinement leading to the Homogenized Modal Structure is observed to occur in as
little as 1 cycle (heating with thickness reduction) or after multiple reduction cycles of thickness (e.g. up to 25). The
Homogenized Modal Structure (Structure 1a in Fig. 8) represents an intermediate structure between the starting Modal
Structure with the associated properties and characteristics defined as Structure 1 of Fig 8. and the fully transformed
Nanomodal Structure defined as Structure 2 in FIG. 8. Depending on the specific chemistry, the starting thickness, and
the level of heating and the amount of thickness reduction (related to the total amount of force applied), the transformation
can be complete in as little as 1 cycle or it may take many cycles ((e.g. up to 25) to completely transform. A partially
transformed, intermediate structure is Structure 1a or Homogenized Modal Structure and after full transformation of the
Modal Structure into NanoModal Structure, the Nanomodal structure (i.e. Structure 2) is formed. Progressive cycles lead
to the creation of Structure #2 (Nanomodal Structure). Depending on the level of refinement and homogenization achieved
for a particular alloy chemistry with a particular Modal Structure, Structure #1a (Homogenized Modal Structure) may
therefore become directly Structure #2 (Nanomodal Structure) or may be heat treated and further refined through Mech-
anism #1 (Static Nanophase Refinement) to similarly produce Structure #2 (Nanomodal Structure). As shown, Structure
#2, Nanomodal Structure, may then undergo Mechanism #2 (Dynamic Nanophase Strengthening) leading to the formation
of Structure #3 (High Strength Nanomodal Structure).
[0034] It is worth noting that Dynamic Nanophase Refinement (Mechanism #0) is a mechanism providing Homogenized
Modal Structure (Structure #1a) in cast alloys preferably through the entire volume / thickness that makes the alloys
effectively cooling rate insensitive (as well as thickness insensitive) during the initial solidification from the liquid state
that enables utilization of such production methods as thin slab or thick slab casting for sheet production. In other words,
it has been observed that if one forms Modal Structure at a thickness of greater than or equal to 2.0 mm or applies a
cooling rate during formation of Modal Structure that is less than or equal to 250K/s, the ensuing step of Static Nanophase
Refinement may not readily occur. Therefore the ability to produce Nanomodal Structure (Structure #2) and accordingly,
the ability to undergo Dynamic Nanophase Strengthening (Mechanism #2) and form High Strength Nanomodal Structure
(Structure #3) will be compromised. That is the refinement of the structure will either not occur leading to properties
which are either equivalent to those obtained from the Modal Structure or will be ineffective leading to properties which
are between that of the Modal and NanoModal Structures.
[0035] However, one may now preferably ensure the ability to form Nanomodal Structure (Structure #2) and the ensuing
development of High Strength Nanomodal Structure. More specifically, when starting with Modal Structure that is solidified
from the melt with a thickness of greater than or equal to 2.0 mm or Modal Structure cooled at a rate of less than or
equal to 250 K/s), one may now preferably proceed with Dynamic Nanophase Refinement (Mechanism #0) into Homog-
enized Modal Structure and then proceed with the steps illustrated in FIG. 8 to form High Strength Nanomodal Structure.
In addition, should one prepare Modal Structure at thicknesses of less than 2 mm or at cooling rates of greater than 250
K/s, one may preferably proceed directly with Static Nanophase Refinement (Mechanism #1) as shown in FIG. 8.
[0036] As therefore identified, Dynamic Nanophase Refinement occurs after the alloys are subjected to deformation
at elevated temperature and preferably occurs at a range from 700°C to a temperature just below the melting point and

(continued)

Property / 
Mechanism

Class 2 Steel

Structure #1 
Modal Structure

Structure #2 Nanomodal Structure Structure #3 High Strength 
Nanomodal Structure

Strain Hardening 
Response

-- After yield point, exhibit a strain 
softening at initial straining as a result 
of phase transformation, followed by a 

significant strain hardening effect 
leading to a distinct maxima

Strain hardening coefficient 
may vary from 0.2 to 1.0 
depending on amount of 

deformation and 
transformation
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over a range of strain rates from 10-6 to 104 s-1. One example of such deformation may occur by hot rolling after thick
slab or thin slab casting which may occur in single or multiple roughing hot rolling steps or single and/or single or multiple
finishing hot rolling steps. Alternatively it can occur at post processing with a wide variety of hot processing steps including
but not limited to hot stamping, forging, hot pressing, hot extrusion, etc.

Mechanisms During Sheet Production

[0037] The formation of Modal Structure (Structure #1) in steel alloys herein can occur during alloy solidification at
Thick Slab (FIG. 1) or Thin Slab Casting (Stage 1, FIG. 2). The Modal Structure may be preferably formed by heating
the alloys herein at temperatures in the range of above their melting point and in a range of 1100°C to 2000°C and
cooling below the melting temperature of the alloy, which corresponds to preferably cooling in the range of 1x103 to
1x10-3 K/s.
[0038] Integrated hot rolling of Thick Slab (FIG. 1) or Thin Slab Casting (Stage 2, FIG. 2) of the alloys will lead to
formation of Homogenized Modal Structure (Structure #1a, FIG. 8) through the Dynamic Nanophase Refinement (Mech-
anism #0) in the cast slab with thickness of typically 150 to 500 mm in a case of Thick Slab Casting and 20 to 150 mm
in a case of Thin Slab Casting. The Type of the Homogenized Modal Structure (Table 1) will depend on alloy chemistry
and hot rolling parameters.
[0039] Mechanism #1 which is the Static Nanophase Refinement with Nanomodal Structure formation (Structure #2)
occurs when produced slabs with Homogenized Modal Structure (Structure #1a, FIG. 8) are subjected to elevated
temperature exposure (from 700°C up to the melting temperature of the alloy) during post-processing. Possible methods
for realization of Static Nanophase Refinement (Mechanism #1) include but not limited to in-line annealing, batch an-
nealing, hot rolling followed by annealing towards targeted thickness, etc. Hot rolling is a typical method utilized to reduce
slab thickness to the ranges of few millimeters in order to produce sheet steel for various applications. Typical thickness
reduction can vary widely depending on the production method of the initial sheet. Starting thickness may vary from 3
to 500 mm and final thickness would vary from 1 mm to 20 mm
[0040] Cold rolling is a widely used method for sheet production that is utilized to achieve targeted thickness for
particular applications. For example, most sheet steel used for automotive industry has thickness in a range from 0.4 to
4 mm. To achieve targeted thickness, cold rolling is applied through multiple passes with intermediate annealing between
passes.
[0041] Typical reduction per pass is 5 to 70% depending on the material properties. The number of passes before the
intermediate annealing also depends on materials properties and its level of strain hardening at cold deformation. Cold
rolling is also used as a final step for surface quality known as a skin pass. For the steel alloys herein and through
methods to form Nanomodal Structure as provided in FIG. 8, the cold rolling will trigger Dynamic Nanophase Strengthening
and the formation of the High Strength Nanomodal Structure.

Preferred Alloy Chemistries and Sample Preparation

[0042] The chemical composition of the alloys studied is shown in Table 4 which provides the preferred atomic ratios
utilized. Initial studies were done by plate casting in copper die.
[0043] Alloys of designated compositions were weighed out in 3 kilogram charges using designated quantities of
commercially-available ferroadditive powders of known composition and impurity content, and additional alloying ele-
ments as needed, according to the atomic ratios provided in Table 4 for each alloy. Alloy charges were placed in zirconia
coated silica-based crucibles and loaded into the casting machine. Melting took place under vacuum using a 14 kHz RF
induction coil. Charges were heated until fully molten, with a period of time between 45 seconds and 60 seconds after
the last point at which solid constituents were observed, in order to provide superheat and ensure melt homogeneity.
[0044] Melts were then poured into a water-cooled copper die to form laboratory cast slabs of approximately 50 mm
thick that is in the thickness range for Thin Slab Casting process (FIG. 2) and 75 mm x 100 mm in size.

Table 4 Chemical Composition of the Alloys

Fe Cr Ni Mn B Si Cu C

Alloy 63 75.53 2.63 1.19 13.18 - 5.13 1.55 0.79

Alloy 64 73.99 2.63 1.19 13.18 - 6.67 1.55 0.79

Alloy 65 72.49 2.63 1.19 13.18 - 8.17 1.55 0.79

Alloy 66 74.74 2.63 1.19 13.18 - 5.13 1.55 1.58

Alloy 67 73.20 2.63 1.19 13.18 - 6.67 1.55 1.58
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[0045] From the above it can be seen that the alloys herein that are susceptible to the transformations illustrated in
FIG. 8 fall into the following groupings: (1) Fe/Cr/Ni/Mn/Si/Cu/C (alloys 63 to 70); (2) Fe/Cr/Ni/Mn/Si/C (alloys 71 to 74).
[0046] From the above, one of skill in the art would understand the alloy composition herein to include the following
four elements at the following indicated atomic percent: Fe (61.0 to 88.0 at. %); Si (0.5 to 9.0 at. %); Mn (0.9 to 19.0 at.
%) and without B. In addition, it can be appreciated that the following elements are required and are present at the
indicated atomic percent: Ni (0.1 to 9.0 at. %); Cr (0.1 to 19.0 at. %);; C (0.1 to 4.0 at. %). Cu can optionally be present
at 0.1 to 4.0 at. %. Impurities may be present include Al, Mo, Nb, S, O, N, P, W, Co, Sn, Zr, Ti, Pd and V, which may be
present up to 10 atomic percent.
[0047] Accordingly, the alloys may herein also be more broadly described as Fe based alloys (greater than 60.0 atomic
percent) and further including Si and Mn. The alloys are capable of being solidified from the melt to form Modal Structure
(Structure #1, FIG. 8), when at a thickness of greater than or equal to 2.0 mm, or which Modal Structure when formed
at a cooling rate of less than or equal to 250 K/s, can preferably undergo Dynamic Nanophase Refinement which may
then provide Homogenized Modal Structure (Structure #1a, FIG. 8). As indicated in FIG. 8, one may then, from such
Homogenized Modal Structure, ultimately form High Strength Nanomodal Structure (Structure #3) with the indicted
morphology and mechanical properties.

Case Example #1: Boron-Free Alloys

[0048] The chemical composition of the boron-free alloys herein (Alloy 63 through Alloy 74) is listed in Table 4 which
provides the preferred atomic ratios utilized. These chemistries have been used for material processing through slab
casting in an Indutherm VTC800V vacuum tilt casting machine. Alloys of designated compositions were weighed out in
3 kilogram charges using designated quantities of commercially-available ferroadditive powders of known composition
and impurity content, and additional alloying elements as needed, according to the atomic ratios provided in Table 4 for
each alloy. Weighed out Alloy charges were placed in zirconia coated silica-based crucibles and loaded into the casting
machine. Melting took place under vacuum using a 14 kHz RF induction coil. Charges were heated until fully molten,
with a period of time between 45 seconds and 60 seconds after the last point at which solid constituents were observed,
in order to provide superheat and ensure melt homogeneity. Melts were then poured into a water-cooled copper die to
form laboratory cast slabs of approximately 50 mm thick which is in the thickness range for the Thin Slab Casting process
and 75 mm x 100 mm in size.
[0049] Thermal analysis of the alloys herein was performed on the as-solidified cast slab samples on a Netzsch
Pegasus 404 Differential Scanning Calorimeter (DSC). Measurement profiles consisted of a rapid ramp up to 900 °C,
followed by a controlled ramp to 1425 °C at a rate of 10 °C/minute, a controlled cooling from 1425 °C to 900 °C at a rate
of 10 °C/min, and a second heating to 1425 °C at a rate of 10 °C/min. Measurements of solidus, liquidus, and peak
temperatures were taken from the final heating stage, in order to ensure a representative measurement of the material
in an equilibrium state with the best possible measurement contact. In the alloys listed in Table 5, melting occurs in one
stage except in Alloy 65 with melting in two stages. Initial melting recorded from minimum at ∼1278 °C and depends on
Alloy chemistry. Maximum final melting temperature recorded at 1450°C.

(continued)

Fe Cr Ni Mn B Si Cu C

Alloy 68 71.70 2.63 1.19 13.18 - 8.17 1.55 1.58

Alloy 69 76.43 2.63 1.19 13.18 - 5.13 0.65 0.79

Alloy 70 75.75 2.63 1.19 13.86 - 5.13 0.65 0.79

Alloy 71 77.08 2.63 1.19 13.18 - 5.13 - 0.79

Alloy 72 76.30 2.63 1.97 13.18 - 5.13 - 0.79

Alloy 73 76.69 2.63 1.58 13.18 - 5.13 - 0.79

Alloy 74 76.11 2.63 1.58 13.76 - 5.13 - 0.79

Table 5 Differential Thermal Analysis Data for Melting Behavior

Allo y Solidus (°C) Liquidus 2(°C) Peak 1 (°C) Peak 2 (°C) Peak 3 (°C) Peak 4 (°C)

Alloy 63 1377 1433 1426 - - -

Alloy 64 1365 1422 1404 - - -
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[0050] The 50 mm thick laboratory slab from each alloy was subjected to hot rolling at the temperature of 1250°C
except that from Alloy 68 which was rolled at 1250°C. Rolling was done on a Fenn Model 061 single stage rolling mill,
employing an in-line Lucifer EHS3GT-B18 tunnel furnace. Material was held at hot rolling temperature for an initial dwell
time of 40 minutes to ensure homogeneous temperature. After each pass on the rolling mill, the sample was returned
to the tunnel furnace with a 4 minute temperature recovery hold to correct for temperature lost during the hot rolling
pass. Hot rolling was conducted in two campaigns, with the first campaign achieving approximately 80% to 88% total
reduction to a thickness of between 6mm and 9.5 mm. Following the first campaign of hot rolling, a section of sheet
between 130 mm and 200 mm long was cut from the center of the hot rolled material. This cut section was then used
for a second campaign of hot rolling for a total reduction between both campaigns of between 96% and 97%. A list of
specific hot rolling parameters used for all alloys is available in Table 6.

(continued)

Allo y Solidus (°C) Liquidus 2(°C) Peak 1 (°C) Peak 2 (°C) Peak 3 (°C) Peak 4 (°C)

Alloy 65 1341 1408 1369 1402 - -

Alloy 66 1353 1421 1413 - - -

Alloy 67 1353 1407 1400 - - -

Alloy 68 1278 1389 1384 - -

Alloy 69 1387 1449 1444 - - -

Alloy 70 1378 1434 1429 - - -

Alloy 71 1395 1444 1439 - - -

Alloy 72 1395 1450 1446 - - -

Alloy 73 1386 1442 1437 - - -

Alloy 74 1392 1448 1445

Table 6 Hot Rolling Parameters

Alloy Temperature 
(°C) Campaign # 

Passes

Initial 
Thickness 

(mm)

Final 
Thickness 

(mm)

Campaign 
Reduction 

(%)

Cumulative 
Reduction 

(%)

Alloy 
63 1250

1 6 49.30 9.15 81.5 81.5

2 3 9.15 1.69 81.5 96.6

Alloy 
64 1250

1 6 48.82 9.19 81.2 81.2

2 3 9.19 1.83 80.1 96.3

Alloy 
65 1250

1 6 49.07 8.90 81.9 81.9

2 3 8.90 1.82 79.6 96.3

Alloy 
66 1250

1 6 48.79 9.02 81.5 81.5

2 3 9.02 1.71 81.1 96.5

Alloy 
67 1250

1 6 48.86 9.22 81.1 81.1

2 3 9.22 1.75 81.0 96.4

Alloy 
68 1200

1 6 48.91 9.45 80.7 80.7

2 3 9.45 1.96 79.2 96.0

Alloy 
69 1250

1 6 48.50 9.04 81.4 81.4

2 3 9.04 1.77 80.4 96.3

Alloy 
70 1250

1 6 48.60 9.27 80.9 80.9

2 3 9.27 1.73 81.4 96.5
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[0051] The density of the alloys was measured on-sections of cast material that had been hot rolled to between 6mm
and 9.5mm. Sections were cut to 25mm x 25mm dimensions, and then surface ground to remove oxide from the hot
rolling process. Measurements of bulk density were taken from these ground samples, using the Archimedes method
in a specially constructed balance allowing weighing in both air and distilled water. The density of each Alloy is tabulated
in Table 7 and was found to vary from 7.64 to 7.80 g/cm3. Experimental results have revealed that the accuracy of this
technique is 60.01 g/cm3.

[0052] The fully hot-rolled sheet was then subjected to cold rolling in multiple passes. Rolling was done on a Fenn
Model 061 single stage rolling mill. A list of specific cold rolling parameters used for the alloys is shown in Table 8.

(continued)

Alloy Temperature 
(°C) Campaign # 

Passes

Initial 
Thickness 

(mm)

Final 
Thickness 

(mm)

Campaign 
Reduction 

(%)

Cumulative 
Reduction 

(%)

Alloy 
71 1250

1 6 48.90 9.14 81.3 81.3

2 3 9.14 1.76 80.8 96.4

Alloy 
72 1250

1 6 48.67 9.23 81.0 81.0

2 3 9.23 1.83 80.2 96.2

Alloy 
73 1250

1 6 48.90 9.23 81.1 81.1

2 3 9.23 1.87 79.8 96.2

Alloy 
74 1250

1 6 48.64 9.32 80.8 80.8

2 3 9.32 1.93 79.3 96.0

Table 7 Average Alloy Densities

Alloy Density (g/cm3)

Alloy 63 7.78

Alloy 64 7.72

Alloy 65 7.66

Alloy 66 7.76

Alloy 67 7.70

Alloy 68 7.64

Alloy 69 7.79

Alloy 70 7.78

Alloy 71 7.80

Alloy 72 7.80

Alloy 73 7.80

Alloy 74 7.79

Table 8 Cold Rolling Parameters

Alloy # Passes Initial Thickness (mm) Final Thickness (mm) Reduction (%)

Alloy 63 4 1.76 1.18 33.1

Alloy 64 5 1.82 1.18 35.1

Alloy 65 7 1.87 1.20 35.8

Alloy 66 4 1.71 1.15 32.7
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[0053] After hot and cold rolling, tensile specimens were cut via EDM. The resultant samples were heat treated at the
parameters specified in Table 9. Hydrogen heat treatments were conducted in a CAMCo G1200-ATM sealed atmosphere
furnace. Samples were loaded at room temperature and were heated to the target dwell temperature at 1200°C/hour.
Dwells were conducted under atmospheres listed in Table 9. Samples were cooled under furnace control in an argon
atmosphere. Hydrogen-free heat treatments were conducted in a Lucifer 7GT-K12 sealed box furnace under an argon
gas purge, or in a ThermCraft XSL-3-0-24-1C tube furnace. In the case of air cooling, the specimens were held at the
target temperature for a target period of time, removed from the furnace and cooled in air. In cases of controlled cooling,
the furnace temperature was lowered at a specified rate with samples loaded.

[0054] Tensile specimens were tested in the hot rolled, cold rolled, and heat treated conditions. Tensile properties
were measured on an Instron mechanical testing frame (Model 3369), utilizing Instron’s Bluehill control and analysis
software. All tests were run at room temperature in displacement control with the bottom fixture held rigid and the top
fixture moving; the load cell is attached to the top fixture.
[0055] Tensile properties of the alloys in the as hot rolled condition are listed in Table 10. The ultimate tensile strength
values may vary from 947 to 1329 MPa with tensile elongation from 20.5 to 55.4%. The yield stress is in a range from
267 to 520 MPa. The mechanical characteristic values in the steel alloys herein will depend on alloy chemistry and hot
rolling conditions. An example stress-strain curve for Alloy 63 in as hot rolled state is shown in FIG. 9 demonstrating
typical Class 2 behavior (FIG.7).

(continued)

Alloy # Passes Initial Thickness (mm) Final Thickness (mm) Reduction (%)

Alloy 67 5 1.78 1.17 33.9

Alloy 68 11 2.03 1.21 40.5

Alloy 69 5 1.78 1.20 32.3

Alloy 70 4 1.74 1.21 30.6

Alloy 71 9 1.80 1.20 33.2

Alloy 72 10 1.84 1.20 34.7

Alloy 73 10 1.87 1.21 35.2

Alloy 74 13 1.95 1.22 37.5

Table 9 Heat Treatment Parameters

Heat 
Treatment

Furnace Temperature 
[°C]

Dwell Time 
[min] Atmosphere Cooling

HT1 850 360 Argon Flow 0.75°C/min to < 500°C then 
Air

HT11 850 5 Argon Flow Air Normalized

HT12 850 360 25% H2/75% Ar 45°C/Hour

HT13 950 360 25% H2/75% Ar Fast Furnace Control

HT14 1200 120 25% H2/75% Ar Fast Furnace Control

Table 10 Tensile Properties of Alloys After Hot Rolling

Alloy Yield Stress (MPa) UTS (MPa) Tensile Elongation (%)

Alloy 63

329 1184 53.3

314 1195 49.8

330 1191 49.0
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[0056] Tensile properties of selected alloys after hot rolling and subsequent cold rolling are listed in Table 11 which
represent Structure #3 or the High Strength Nanomodal Structure. The ultimate tensile strength values may vary from
1402 to 1766 MPa with tensile elongation from 9.7 to 29.1 %. The yield stress is in a range from 913 to 1278 MPa. The
mechanical characteristic values in the steel alloys herein will depend on alloy chemistry and processing conditions.

(continued)

Alloy Yield Stress (MPa) UTS (MPa) Tensile Elongation (%)

Alloy 64

314 1211 52.4

344 1210 55.4

353 1205 54.1

Alloy 65

366 1228 42.8

355 1235 49.1

334 1207 50.4

Alloy 66

469 981 39.5

429 960 35.1

465 967 39.8

Alloy 67
414 947 29.0

439 970 30.6

416 965 30.2

Alloy 68

475 1107 39.3

487 1114 43.8

520 1099 40.9

Alloy 69

284 1293 48.3

278 1301 43.7

267 1287 49.8

Alloy 70

307 1248 53.4

294 1248 51.4

310 1253 49.2

Alloy 71

298 1297 37.5

278 1320 35.3

297 1310 38.5

Alloy 72

296 1291 43.6

292 1311 46.1

329 1329 48.1

Alloy 73

303 1301 38.7

296 1255 34.9

278 1266 34.2

Alloy 74
281 1280 43.3

273 990 20.5
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[0057] Tensile properties of the hot rolled sheets after hot rolling with subsequent heat treatment at different parameters
(Table 9) are listed in Table 12. The ultimate tensile strength values may vary from 669 to 1352 MPa with tensile elongation
from 15.9% to 78.1%. The yield stress is in a range from 217 to 621 MPa. The mechanical characteristic values in the
steel alloys herein will depend on alloy chemistry and processing conditions.

Table 11 Tensile Properties of Selected Alloys After Cold Rolling

Alloy Yield Stress (MPa) UTS (MPa) Tensile Elongation (%)

Alloy 63

975 1587 25.3

1043 1570 23.8

1044 1559 22.5

Alloy 64 1109 1630 21.4

Alloy 65
1135 1686 22.1

1159 1681 21.9

Alloy 66

1048 1409 26.4

1031 1402 18.5

1093 1416 29.1

Alloy 67

1048 1541 26.7

1107 1531 23.2

1119 1508 16.7

Alloy 68
1278 1645 16.2

1204 1665 17.9

Alloy 70
1033 1572 18.8

913 1579 21.3

Alloy 71

954 1672 18.1

967 1669 19.5

1045 1647 11.7

Alloy 72

1128 1734 11.2

1137 1751 18.5

1202 1763 17.9

Alloy 73

1031 1718 18.1

1088 1695 15.7

1070 1715 19.7

Alloy 69

1124 1712 9.7

1115 1735 11.5

1155 1766 19.4

Alloy 74

1140 1693 13.3

1156 1712 18.4

1120 1725 18.5
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Table 12 Tensile Properties of Alloys with Hot Rolling and Subsequent Heat Treatment

Alloy Heat Treatment 1 Yield Stress (MPa) UTS (MPa) Tensile Elongation (%)

Alloy 63

HT14

223 1083 42.1

217 1104 47.2

220 1100 49.5

HT1

393 1180 53.8

391 1186 45.9

398 1160 51.3

HT12

385 979 27.2

383 1091 33.0

383 1104 36.1

HT13

333 1169 51.9

341 1175 51.6

342 1164 51.3

HT11

459 1227 51.3

470 1198 58.0

489 1220 48.5

Alloy 64

HT14

217 1091 46.6

221 1107 48.1

224 1116 51.3

HT1
426 1227 44.7

457 1226 45.5

HT12

415 1150 36.7

414 1130 35.3

418 1147 35.1

HT13

350 1195 52.3

361 1163 56.3

362 1174 52.3

HT11

489 1248 54.2

505 1251 52.7

487 1255 56.1

Alloy 65 HT14

228 1072 34.7

226 1047 32.3

239 1135 47.8
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(continued)

Alloy Heat Treatment 1 Yield Stress (MPa) UTS (MPa) Tensile Elongation (%)

HT1

459 944 22.7

453 925 22.0

456 984 24.3

HT12

447 1097 31.2

432 1024 27.9

448 1174 40.3

HT13

335 1187 60.5

348 1171 56.5

337 1187 54.2

HT11

502 1284 54.0

506 1247 54.3

505 1254 55.2

Alloy 66

HT14

280 823 34.3

282 838 33.2

282 850 37.8

HT12

413 1059 47.6

409 1042 44.3

414 989 39.8

HT13

366 1110 78.1

365 1112 63.5

364 1107 73.5

HT11

501 1104 71.0

487 1104 68.8

469 1091 75.7

Alloy 67

HT14

294 801 28.0

298 825 32.0

294 832 33.1

HT12

452 1051 34.6

457 1082 35.6

466 998 30.5

HT13

410 1230 59.3

401 1113 42.6

402 1119 42.7

HT11
540 1170 48.2

524 1178 59.0

546 1216 70.3
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(continued)

Alloy Heat Treatment 1 Yield Stress (MPa) UTS (MPa) Tensile Elongation (%)

Alloy 68

HT14

307 778 27.2

315 745 28.6

298 669 22.5

HT12

515 904 20.3

489 1113 33.2

497 1070 28.6

HT13

418 1145 43.7

431 1069 38.3

427 1089 38.8

HT11
617 1280 53.2

621 1287 52.4

Alloy 69

HT12

385 1166 31.5

387 1222 37.4

374 1133 27.5

HT13

290 1198 46.3

307 1240 44.4

303 1215 42.7

HT11

458 1260 53.2

468 1327 46.9

446 1242 49.6

HT13

330 1170 43.4

319 1189 51.8

324 1192 52.1

HT11

443 1212 51.1

458 1231 57.9

422 1200 51.9

Alloy 71

HT12

361 963 17.3

367 992 18.2

357 931 15.9

HT13

316 1228 34.7

413 1232 28.1

328 1287 40.8

HT11
448 1349 48.5

444 1338 48.0

451 1348 47.3



EP 3 063 305 B1

20

5

10

15

20

25

30

35

40

45

50

55

[0058] This Case Example demonstrates that mechanisms in boron-free alloys follow the pathway illustrated in FIG.
8 without boride formation providing high strength with high ductility property combinations.

Case Example 2: Structural Development in Boron-Free Alloy

[0059] Plate with 50 mm thickness from Alloy 65 was cast in an Indutherm VTC800V vacuum tilt casting machine.
Alloy of designated composition was weighed out in 3 kilogram charges using designated quantities of commercially-
available ferroadditive powders of known composition and impurity content, and additional alloying elements as needed,
according to the atomic ratios provided in Table 4. Weighed out Alloy charge was placed in zirconia coated silica-based
crucibles and loaded into the casting machine. Melting took place under vacuum using a 14 kHz RF induction coil. Alloy

(continued)

Alloy Heat Treatment 1 Yield Stress (MPa) UTS (MPa) Tensile Elongation (%)

Alloy 72

HT12

401 1073 23.6

361 1089 25.1

368 1082 25.1

HT13

307 1255 43.4

320 1257 51.3

319 1234 45.3

HT11

491 1336 50.6

483 1312 53.7

495 1352 48.2

Alloy 73

HT14

248 1226 40.4

246 1235 42.4

242 1190 39.8

HT12

369 1152 25.9

378 1120 25.4

427 1237 30.6

HT13

320 1281 46.5

324 1281 48.5

329 1308 45.1

HT11

485 1312 42.5

485 1328 42.5

472 1346 47.1

Alloy 74

HT12

432 1153 29.8

444 1264 49.0

430 1229 35.4

HT13

324 1210 57.4

329 1256 46.2

326 1204 53.9

HT11

523 1244 40.5

538 1288 58.5

511 1263 52.4
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charge was heated until fully molten, with a period of time between 45 seconds and 60 seconds after the last point at
which solid constituents were observed, in order to provide superheat and ensure melt homogeneity. Melt was then
poured into a water-cooled copper die to form laboratory cast slab of approximately 50 mm thick which is in the thickness
range for the Thin Slab Casting process and 75 mm x 100 mm in size.
[0060] The 50 mm thick laboratory slab from the Alloy 65 was subjected to hot rolling at the temperature of 1250°C
with a total reduction of 97%. The fully hot-rolled sheet was then subjected to cold rolling in multiple passes down to
thickness of 1.2 mm. Cold rolled sheet was heat treated at 850°C for 5 minutes that mimic in-line annealing at commercial
sheet production. To make SEM specimens, the cross-sections of the sheet sample in as-cast state, after hot rolling,
and after cold rolling with subsequent heat treatment were cut and ground by SiC paper and then polished progressively
with diamond media paste down to 1 mm grit. The final polishing was done with 0.02 mm grit SiO2 solution. Microstructures
of samples from Alloy 65 were examined by scanning electron microscopy (SEM) using an EVO-MA10 scanning electron
microscope manufactured by Carl Zeiss SMT Inc.
[0061] FIG. 10 shows SEM images of microstructure in Alloy 65 in as-cast state, after hot rolling, and after cold rolling
with subsequent heat treatment demonstrating a structural development from Modal Structure in as-cast state (FIG.
10a), Nanomodal Structure in the hot rolled state (FIG. 10b), and High Strength Nanomodal Structure after cold rolling
(FIG. 10c).
[0062] This Case Example demonstrates structural development in boron-free alloys is similar to that for alloys con-
taining boron (FIG. 8) although matrix grains size can be larger in the absence of boride pinning phases.

Claims

1. A method comprising:

a. supplying a metal alloy consisting of Fe at a level of 61.0 to 88.0 atomic percent, Si at a level of 0.5 to 9.0
atomic percent, Mn at a level of 0.90 to 19.0 atomic percent, Ni at a level of 0.1 to 9.0 atomic percent, Cr at a
level of 0.1 to 19.0 atomic percent, C at a level of 0.1 to 4.0 atomic percent, optionally Cu at a level of 0.1 to
4.0 atomic percent, and impurities, wherein said metal alloy is boron-free;
b. melting said metal alloy and cooling and solidifying and forming a solidified alloy having a thickness of greater
than or equal to 20 mm and up to 500 mm and a yield strength of 300 MPa to 600 MPa, wherein said solidified
alloy has a melting point (Tm)
c. heating said solidified alloy to a temperature of 700 °C to below said alloy Tm and reducing said thickness
of said solidified alloy at a strain rate of 10-6 to 104 s-1 to provide a first resulting alloy having a yield strength
of200 MPa to 1000 MPa; and
d. stressing the first resulting alloy above said yield strength to provide a second resulting alloy having a thickness
of 0.1 mm to 25.0 mm, wherein the second resulting alloy has a tensile strength of 400 MPa to 1825 MPa, and
an elongation of 2.4 to 78.1%.

2. The method of claim 1 wherein heating said solidified alloy in step (c) is performed at a temperature of 700 °C to
1200 °C.

3. The method of claim 2 wherein said first resulting alloy has:

a. grains of 50 nm to 50000 nm; and
b. precipitation grains of 1 nm to 200 nm.

4. The method of claim 1 wherein said solidified alloy in step (c) is repeatedly heat treated to said temperature of 700
°C to below said alloy Tm and the thickness of said solidified alloy is reduced during each of said heat treatments.

5. The method of claim 1 wherein said second resulting alloy has one or more of the following:

a. grains of 25 nm to 25000 nm;
b. precipitation grains of 1 nm to 200 nm.

6. The method of claim 3
wherein said second resulting alloy is positioned in a vehicle.

7. The method of claim 5 wherein said second resulting alloy is positioned in a vehicle.
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8. A drill collar, drill pipe, pipe casing, tool joint, wellhead, compressed gas storage tank or liquefied natural gas canister
comprising the second resulting alloy produced by the method according to any one of claims 1 and 5.

Patentansprüche

1. Ein Verfahren aufweisend:

a. Zuführen einer Metalllegierung, bestehend aus Fe mit einem Gehalt von 61,0 bis 88,0 Atomprozent, Si mit
einem Gehalt von 0,5 bis 9,0 Atomprozent, Mn mit einem Gehalt von 0,90 bis 19,0 Atomprozent, Ni mit einem
Gehalt von 0,1 bis 9,0 Atomprozent, Cr mit einem Gehalt von 0,1 bis 19,0 Atomprozent, C mit einem Gehalt
von 0,1 bis 4,0 Atomprozent, wahlweise Cu mit einem Gehalt von 0,1 bis 4,0 Atomprozent, und Verunreinigungen,
wobei die Metalllegierung borfrei ist;
b. Schmelzen der Metalllegierung und Abkühlen und Erstarren und Erzeugen einer erstarrten Legierung mit
einer Dicke von größer oder gleich 20 mm und bis zu 500 mm und einer Streckfestigkeit von 300 MPa bis 600
MPa, wobei die erstarrte Legierung einen Schmelzpunkt (Tm) hat;
c. Erwärmen der erstarrten Legierung auf eine Temperatur von 700 °C bis unterhalb der Tm der Legierung und
Verringerung der Dicke der erstarrten Legierung mit einer Dehnungsgeschwindigkeit von 10-6 bis 104 s-1, um
eine erste resultierende Legierung mit einer Streckgrenze von 200 MPa bis 1000 MPa bereitzustellen; und
d. Belasten der ersten resultierenden Legierung über die Streckgrenze, um eine zweite resultierende Legierung
mit einer Dicke von 0,1 mm bis 25,0 mm bereitzustellen, wobei die zweite resultierende Legierung eine Zug-
festigkeit von 400 MPa bis 1825 MPa, und eine Dehnung von 2,4 bis 78,1% aufweist.

2. Verfahren nach Anspruch 1, wobei das Erwärmen der erstarrten Legierung in Schritt (c) bei einer Temperatur von
700 °C bis 1200 °C durchgeführt wird.

3. Verfahren nach Anspruch 2, wobei die erste resultierende Legierung aufweist:

a. Körnungen von 50 nm bis 50000 nm; und
b. Fällungskörnungen von 1 nm bis 200 nm.

4. Verfahren nach Anspruch 1, wobei die erstarrte Legierung in Schritt (c) wiederholt auf die Temperatur von 700 °C
bis unterhalb der Tm der Legierung erhitzt wird und die Dicke der erstarrten Legierung bei jeder der genannten
Wärmebehandlungen reduziert wird.

5. Verfahren nach Anspruch 1, wobei die zweite resultierende Legierung eine oder mehrere der folgenden Eigenschaf-
ten aufweist:

a. Körnungen von 25 nm bis 25000 nm;
b. Fällungskörnungen von 1 nm bis 200 nm.

6. Verfahren nach Anspruch 3, wobei die zweite resultierende Legierung in einem Fahrzeug angeordnet wird.

7. Verfahren nach Anspruch 5, wobei die zweite resultierende Legierung in einem Fahrzeug angeordnet wird.

8. Ein Bohrkragen, ein Bohrgestänge, eine Rohrverkleidung, ein Bohrgestängeverbinder, ein Bohrlochkopf, ein Druck-
gas-Speichertank oder ein Flüssigerdgaskanister, der die zweite resultierende Legierung aufweist, welche durch
das Verfahren nach einem der Ansprüche 1 und 5 hergestellt wurde.

Revendications

1. Procédé comprenant :

a. la fourniture d’un alliage métallique composé de Fe à un niveau de 61,0 à 88,0 pour cent atomique, Si à un
niveau de 0,5 à 9,0 pour cent atomique, Mn à un niveau de 0,90 à 19,0 pour cent atomique, Ni à un niveau de
0,1 à 9,0 pour cent atomique, Cr à un niveau de 0,1 à 19,0 pour cent atomique, C à un niveau de 0,1 à 4,0 pour
cent atomique, éventuellement Cu à un niveau de 0,1 à 4,0 pour cent atomique, et des impuretés, ledit alliage
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métallique étant exempt de bore ;
b. la fusion dudit alliage métallique et le refroidissement et la solidification et la formation d’un alliage solidifié
dont l’épaisseur est supérieure ou égale à 20 mm et va jusqu’à 500 mm, et dont la limite d’élasticité est de 300
MPa à 600 MPa, ledit alliage solidifié présentant un point de fusion (Tm) ;
c. le chauffage dudit alliage solidifié à une température de 700 °C à une température inférieure au Tm de
l’alliage, et la réduction de ladite épaisseur dudit alliage solidifié à une vitesse de déformation de 10-6 à 10-4

s-1 de façon à obtenir un premier alliage résultant dont la limite d’élasticité est de 200 MPa à 1 000 MPa ; et
d. la contrainte du premier alliage résultant au-delà de ladite limite d’élasticité de façon à obtenir un second
alliage résultant dont l’épaisseur est de 0,1 mm à 25,0 mm, le second alliage résultant présentant une résistance
à la traction de 400 MPa à 1 825 MPa, et un allongement de 2,4 à 78,1 %.

2. Procédé selon la revendication 1, dans lequel le chauffage dudit alliage solidifié à l’étape (c) est effectué à une
température de 700 °C à 1 200 °C.

3. Procédé selon la revendication 2, dans lequel le premier alliage résultant présente :

a. des grains de 50 nm à 50 000 nm ; et
b. des grains de précipitation de 1 nm à 200 nm.

4. Procédé selon la revendication 1, dans lequel ledit alliage solidifié à l’étape (c) est traité thermiquement de manière
répétée à une température allant de ladite température de 700 °C à une température inférieure au Tm de l’alliage,
et l’épaisseur dudit alliage solidifié est réduite pendant chacun desdits traitements thermiques.

5. Procédé selon la revendication 1, dans lequel le second alliage résultant présente au moins l’une des caractéristiques
suivantes :

a. des grains de 25 nm à 25 000 nm ; et
b. des grains de précipitation de 1 nm à 200 nm.

6. Procédé selon la revendication 3, dans lequel le second alliage résultant est positionné dans un véhicule.

7. Procédé selon la revendication 5, selon lequel le second alliage résultant est positionné dans un véhicule.

8. Collier de forage, tuyau de forage, gaine de tuyau, joint de tige, tête de puits, réservoir de stockage de gaz comprimé
ou bonbonne de gaz naturel liquéfié comprenant le second alliage résultant produit par le procédé selon l’une
quelconque des revendications 1 et 5.
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