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ULTRA-HARD COLD-WORKED STEEL ALLOY

CROSS-REFERENCE TO RELATED APPLICATION
(6001} Any and all applications for which a foreign or domestic priority claim 13
identified in the Application Data Sheet as filed with the present application are hereby
incorporated by reference under 37 CFR 1,57, and Rules 4.18 and 20.6. This application claims
priority to 1S, Provisional Application No. 63/234,016, entitled ULTRA-HARD COLD-
WORKED STEEL ALLOY, and filed on August 17, 2021, which 1s incorporated by reference

in its entirety herein.

BACKGROUND
Field
(60021 The present invention relates to steel alloys. More specifically, the present
mvention relates to steel alloys with improved hardness and corrosion resistance for high-

performance applications including automobtle parts.

Description of the Related Ant

[8003] There are many “stainless” steels that resist corrosion including a family of
commercially produced “3xx” series stainless steel alloys. The most common of these alloys
are 301, 304/304L, 316/316L and are commonly produced inma variety of product forms. There
are also other stamnless steel products that are differentiated based upon their microstructure
and method of strengthy Austenitic (3xx series), Martensitic (4xx series}, Ferrttic, Duplex, and
precipitation hardenable (PH),

[0004] In order 1o increase hardness, martensitic steels generally requure controlled
heat treatments and quench cycles, sometimes inclading cryogenic treatments, to ensure full
martensitic transformation and hardening of the alloy. However, such added treatments
merease alloy costs, and heat treatments require expensive equipment and may cause warpage
of the target product depending upon product form.  Furthermore, corrosion resistant
martensttic steels typically incorporate relatively high amounts of cobalt for corrosion
resistance. However, cobalt 1s a costly matenial which increases the cost of using martensitic

alloys.
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SUMMARY

[6085] For purposes of summarizing the disclosure and the advantages achieved
over the prior art, certain objects and advantages of the disclosure are described herein. Not
all such objects or advantages may be achieved in any particular embodimeni. Thus, for
example, those skilled in the art will recognize that the invention may be embodied or carried
out i1 a manner that achieves or optimizes one advantage or group of advantages as taught
herein without necessarily achieving other objects or advantages as may be taught or suggested
herein.

[8006] All of these embodiments are intended to be within the scope of the
mnvention herein disclosed. These and other embodiments will become readily apparent to
those skilled in the art from the following detailed description of the preferred embodiments
having reference to the attached figures, the mnvention not being limited to any particular
preferred embodiment(s) disclosed.

(60671 In one aspect, a steel alloy composition 1s described. The composition
mcludes Fe, a hardness 1s at least about 400 HY, and an Epie-Eoop corrosion resistance of at least
about 300 mV 1 a 3 wi% sodium chloride aqueous solution.

[0008] In some embodiments, the hardness s about 420 HV to about 500 HV. In
some ermnbodiments, the Fpi-Foep corrosion resistance s about 520 mV to about 300 mV. In
some embodiments, the Epie-Fogp corroston resistance is about 5320 mV to about 600 mV. In
some embodiments, the composition has a yvield strength of at least about 1100 MPa. In some
embodiments, the composition has a ductility of at least about 60° bend angle at 1.8mm
thickness. In some embodiments, martensite formation begins at about 260 K to about 340 K.
In some emmbodiments, martensite formation begins at about 260 K to about 320 K. In some
embodiments, the composition has at least about 12 vol% martensite. In some embodiments,
the composition has a yield strength of at least about 1100 MPa.

[0069] in some embodiments, the composition includes:

Cr 15-18 wit. %,
Ni: 4-8 wt.%;
Mn: 1.5-6 wt.%;

Fe: Bal
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(6010} in some embodiments, the composition further includes at most about 0.25
wt. % N. In some embodiments, the composition further includes at most about 2 wt. % Mo,
in some embodiments, the composition further inchides at most about 0.03 wt. % , at most
about 0.75 wt. % S1, at most about 0.045 wt. % P, and at most about 0.03 wt. % S.

(6011} in some embodiments, the composition includes:

C: at most about 0.03 wt.%;
N G.05-0.25 wit.%;
Cr: 15-18 wt.%;
Ni: 4-8 wt.%;
M 1.5-6 wt.%,;
Si: at most about 0.75 wi.%:
Mo: 0.5-2 wt.%,;
P: at most about 0.045 wt. %
5. at most about 0.03 wt.%; and
Fe: Bal
[0012] In some embodiments, the composition includes:
Cu: at most about 0.5 wt %;
Co: at most about 0.8 wi.%:
Al at most about 0.03 wt.%;
Ti: at most about 0.03 wt.%,; and
B: at most about ¢.05 wt %,

[6013] In some embodiments, the composition further includes at most about 0.05
wt.% of each of at least one additional element, and a total of at most about .15 wi.% of the
at least one additional element.

[6014] In another aspect, a process for preparing an alloy 1s described. The process
meludes casting a steel alloy comprising Fe, performing a processing step on the steel alloy
selected from the group consisting of hot-working, annealing, pickling and combinations
thereof to form a processed steel alloy, and cold working the processed stee! alloy to form a
cold worked steel alioy with a hardness 1s at least about 400 HVY and an Epi-Feep corrosion

resistance of at least about 500 mV ina 3 wt% sodium chloride aqueous solution.
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[6015] in some embodiments, the processed steel alloy 1s cold-worked to a
thickness reduction of at least about 30%. In some embodiments, the cold worked steel has a
thickness of about 0.01 mm to about 4 mm. In some embodiments, the cold worked steel has
a thickness of about T mm to about 4 mm. In some embodiments, the process further includes
machining the cold worked steel. In some embodiments, hot-working is performed prior to
annealing the steel alloy. In some embodiments, anneahing 15 performed prior to hot-working
the steel alloy. In some embodiments, processing the steel alloy 1s performed prior to cold-
working the steel alloy the processed steel alloy.

0016} In another aspect, a vehicle comprising a vehicle body comprising the steel
alloy composition is described. In some embodiments, the vehicle body comprises an exterior
vehicle body, and the exterior vehicle body comprises the steel alloy. In some embodiments,
the steel alloy is uncoated. In some embodiments, a corrosion protective agent is not disposed
over the steel alloy. In some embodiments, the corrosion protective agent 1s paint. In some

embodiments, the vehicle is an electric vehicle comprising an electric motor.

BRIEF DESCRIPTION OF THE DRAWINGS

(60171 FIG. 1A shows computational results of steel alloys for corrosion resistance
1 pitting resistance equivalent number (PREN) versus martensite formation start temperature
{(Ms).

[601§] FIG. 1B shows computational resalts of steel alloys for the driving force
comparison between FCC, BCC and HCP.

[6019] FIG. 2A shows computational results of steel alloys A4, A7 and A8 for
corrosion resistance in pitting resistance equivalent number (PREN) versus martensite
formation start temperature (Ms),

[08020] FIG. 2B shows computational results of steel alloys Ad, A7 and A8 for the
driving force comparison between FCC, BCC and HCP.

[0021] FIG. 2C shows computational results of Alloys 1-7 for corrosion resistance
in pitting resistance equivalent nomber (PREN} versus martensite formation start temperature

{Ms).
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(6022} FIG. 3 shows an Ashby Plot of computed hardness versus corrosion
resistance of steel alloys A4, A7 and AS shown against the actual respective values for
commercial steel alloys.

[0023] FIGS. 4A and 4B show optical micrographs of an A4 alloy prepared at a
501b scale cold-worked to 24% reduction.

[0024] FIGS. SA and 5B show optical micrographs of an A4 alloy prepared at a
501b scale cold-worked to 36% reduction.

[0025] FIGS. 6A and 6B show optical micrographs of an A4 alloy prepared at a
501b scale cold-worked to 44% reduction.

[0026] FIGS. 7A and 7B show optical micrographs of an A4 alloy prepared at a
501b scale cold-worked to 56% reduction.

(00271 FIG. 8 shows the expertmentally measured hardness, strength and
elongation properties of Ad, A7 and AR alloys prepared at a 50kg scale.

[0028] FIG. 9 shows the longitudinal stress-strain experimental data for an Ad alloy
prepared at a 50kg scale cold-worked to various degrees.

[06029] FIG. 10 shows the longitudinal stress-straim experumental data for an A7
alloy prepared at a SOkg scale cold-worked to various degrees.

[6030] FIG. 11 shows the longitudinal stress-straim experimental data for an A8
alloy prepared at a SOkg scale cold-worked to various degrees.

(6031} FIG. 12A shows an optical micrograph of a cold-worked A4 alloy prepared
at a 50kg scale.

[6032] FIG. 12B shows an optical micrograph of a cold-worked A7 alloy prepared
at a 50kg scale.

[8033] FIG. 12C shows an optical micrograph of a cold-worked A8 alloy prepared
at a 50kg scale.

[06034] FIG. 13A shows the experimental results of Epi-Boop corrosion resistance of
Ad alloy and A7 alloy.

[6035] FIG. 138 shows the experiment results of corrosion current density Leom of
A4 alloy and A7 alloy.

[6036] FIG. 14A shows the experimental resulis of Epi-Foop corrosion resistance of

A4 A7, B1,BZand B3,
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6037} FIG. 14B shows the experimental results of corrosion current density leow
of A4, A7, BI, B2 and B3 alloys.

[603&] FIG. 15A shows the experimental resulis of Epi-Foop corrosion resistance of
Ad, A7, B1, B2 and B3 alloys versus corrosion resistance in pitting resistance equivalent
number (PREN).

[0039] FI(G 15B shows the experimental results of corrosion current density leew
of A4, A7, Bl, B2 and B3 alloys versus corrosion resistance in pitting resistance equivalent
number {PREN)}.

(0040} FIG. 16A shows the experimental results of Epi-Foop corrosion resistance of
Alloy 1, Alloy 2 and Alloy 4.

(0041} FIG. 16B shows the experimental results of corrosion current density leow
of Alloy 1, Alloy 2 and Alloy 4.

0042} FIG. 17 shows the experimental results of longitudinal and transverse bend
angles of Alloy 1 compared to Type 301 stamnless steel.

0043} FIG. 18 shows the stress-strain experimental data for A4 alloy.

DETAILED DESCRIPTION

[0044] The present disclosure roay be understood by reference to the following
detailed description. It 18 noted that, for purposes of illustrative clanty, certain elements n
various drawings may not be drawn to scale, may be represented schematically or conceptually,
or otherwise may not correspond exactly to certain physical configurations of embodiments.

[6045] Embodiments relate to “cold-worked” {(e.g., cold-rolled} steel alloys with
wproved strength, hardness and corrosion resistance useful for creating products, such as
exterior vehicle body components.  Such cold-worked steel alloys may aliow the exterior
facing vehicle body components to be resistant to denting, scratching, and pitting while
avording the need for a corrosion protective agent (e.g., pamt) over the exterior vehicle body
components. Cold working (e g., cold-rolling) strengthens the disclosed steel alloy in part due
to strain-induced martensitic phase transformation of the austenitic matrix, which imparts
mmproved hardness and strength for scratch and dent resistance. Advantageously, the phase
transformation of the disclosed steel alloy was found to have icreased hardness and strength

while mamntaining Corrosion resistance.



WO 2023/023083 PCT/US2022/040501

[6046] {One embodiment 1s a cold-worked steel alloy having a hardness of at least
about 400 HV and an EpcEoep corrosion resistance in a 3 wt%e sodium chloride aqueous
solution of at least about 500 mV. In some embodiments, the cold-worked steel alloy has a
yield strength of at least about 1150 MPa, a hardness of at feast about 420 HV or 43 HRC, a
bend angle of at least about 60° at 1.8 mm thickness, and an Epi-Focp corrosion resistance in a
3 wit%s sodium chiloride aguecus solution of at least about 500 mV. In some embodiments, the
cold-worked steel alloy has a yield strength of at least about 1100 MPa, a hardness of at least
about 420 HY or 43 HRC, a bend angle of at least about 60° at 1.6 mm thickness, and an Epi-
Eocp corrosion resistance in a 3 wit% sodium chloride aqueous solution of at least about 520
mVY. In some embodiments, a cold-worked steel alloy has a yield strength of about 1200 MPa,
a hardness of at least about 45 HRC, a bend angle of at least about 65” at 1.8 mm thickness,
and an Hpi-Fogp corrosion resistance in a 3 wi% sodium chloride agqueous solution of at least
about 330 mV.

[0047] Ancther embodiment ts a cold-worked steel aliov having a hardness of at
least about 400 HV and an Epu-Focp corrosion resistance 1o a 3 wit%s sodium chloride aqueous
solution of at least about S00 mV. In some embodiments, the cold-worked steel alloy has a
yield strength of at least about 1100 MPa, a hardoness of at least about 420 HV or 43 HRC, a
bend angle of at least about 60° at 1.6 mum thickness, and an Epic-Eocp corrosion resistance in a
3 witts sodium chloride aqueous solution of at least about 520 mV. In some embodiments, a
cold-worked steel alioy has a yield strength of about 1200 MPa, a hardness of at least about 45
HRC, a bend angle of at least about 65% at 1.8 mm thickness, and an Epie-Foop corrosion

resistance in a 3 wt% sodium chloride aqueous solution of at least about 530 mV.

Sieel Allov Compositions

[0048] The steel alloys disclosed herein were found to bave improved hardness and
corrosion resistance when cold-worked. In some embodiments, the steel alloy 15 a stainless
steef allov. The steel alloys are described herein by the weight percent {wt %) of the total
elements and particles within the alloy, as well as specific properties of the alloys. It will be
understood that the remaining composition of any alloy described herein includes iron (Fe} and

incidental impurities.

~1
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(6049} Impurities may be present in the starting materials or introduced in one of
the processing and/or mamufacturing steps to create the steel alioy. Incidental impurities are
compounds and/or elements that do not or do not substantially affect the material properties of
the composition, such as hardness, corrosion resistance, vield sirength, tensile strength,
ductility, martensiie formation and/or ferrite formation. In some embodiments, the total
mcidental impurities or other elemenis are, are about, are at most, or are at most about, 1 wit.%,
0.8 wt%, 0.5 wt%, 0.2 wi% 0.15 wt.%, 0.1 wit %, 0.05 wt% or 0.01 wt %, or any range of
values therebetween In some embodiments, each elemental incidental mmpurity or each
additional element that is not recited is, 1s about, is at most, or is at most about, 0.8 wt.%, 0.5
wt.%, 0.2 wt% 0.1 wt.%, 0.05 wi %, 0.01 wt.%, 0.005 wt.% or 6.001 wt.%, or any range of
values therebetween.

[0050] In some embodiments, the steel alloy includes incorporation of nifrogen at
least in part for corrosion resistance and hardening properties. In some embodiments, the steel
alloy includes chromium at least in part for corrosion resistance and strain-induced martensite
transition properties. In some erobodiments, the steel alloy includes nickel at least in part for
toughuness and tailored austenite stability properties. In some embodiments, the steel alloy
meludes manganese at least in part for austentte stability, cost effectiveness and stacking fault
energy tuning properties. In some embodiments, the steel alloy includes molybdenum at least
n part for corrosion resistance and hardening properties, and for enabling low carbon content
for enhanced corrosion resistance.

[8051] In some embodiments, the steel alloy composition comprises C of at most,
or of at most about, 6.03 wt %, N n the range of, or of about, 0.05-0.25 wi %, Cr in the range
of, or of about, 15-18 wt %, Nimn the range of, or of about, 4-8 wt %, Mn in the range of, or of
about, 1.5-6 wt %, St of at most, or of at most about, 0.75 wt %, Mo m the range of, or of
about, 0.5-2 wt %, P of at most, or of at most about, 0.645 wi %, S of at most, or of at most
about, 0.03 wt %, with the remaming composition {by wt %} being Fe and incidental
mmpurities. In some embodiments, the steel alloy composttion comprises € of at most, or of at
most about, 0.03 wt %, N in the range of, or of about, 0.15-0.25 wt %, Cr in the range of, or of
about, 16-18 wi %, Ni in the range of, or of about, 5-6 wi %, Mn in the range of, or of about,
1.5-2.5 wt %, S1 of at most, or of at most about, 0.75 wt %, Mo in the range of, or of about, 1-

2 wit %%, P of at most, or of at most about, 0.045 wi %, S of at most, or of at most about, 0.03



WO 2023/023083 PCT/US2022/040501

wi %, with the remaining composition {(by wt %) being Fe and incidental impurtties. In some
embodiments, the steel alloy composition comprises C of at most, or of at most about, G.03 wt
%, N in the range of, or of about, 0.15-0.25 wt %, Cr in the range of, or of about, 16-18 wt %,
N1 in the range of, or of about, 5-6 wt %, Mn in the range of, or of about, 1.5-3.0 wt %, 81 of
at most, or of at most about, 0.75 wt %, Mo in the range of, or of about, 1-2 wit %, P of at most,
or of at most about, 0.045 wt %, § of at most, or of at most about, 0.03 wit %, with the remaining
composition (by wt %} being Fe and mcidental mmpurities. In some embodiments, the steel
alloy composition comprises C of at most, or of at most about, 0.03 wt %, N in the range of,
or of about, 0.05-0.15 wt %, Cr in the range of, or of about, 15-17 wt %, Ni in the range of, or
of about, 6-8 wt %, Mn 1n the range of, or of about, 1.5-2.5 wt %, St of at most, or of at most
about, 0.75 wt %, Mo in the range of, or of about, 0.5-1.5 wt %, P of at most, or of at most
about, 0.045 wi %, § of at most, or of at most about, 0.03 wt %, with the remaining composition
(by wt %} being Fe and mncidental impurities. In some embaodiments, the steel alloy
composition comprises C of at most, or of at most about, 0.03 wt %, N in the range of, or of
about, 0.05-0.15 wt %, Cr n the range of, or of about, 15-17 wt %, Ni 1o the range of, or of
about, 4-6 wt %, Mn in the range of, or of about, 4-6 wt %, 51 of at most, or of at most about,
0.75 wt %, Mo in the range of, or of about, 0.75-1.5 wt %, P of at most, or of at most about,
0.045 wt %9, § of at most, or of at most about, 0.03 wt %, with the remaming composition {(by
wt %) being Fe and mcidental impurtties. In some embodiments, the steel alloy composition
comprises C of at most, or of at most about, 0.03 wi %6, N m the range of, or of about, 0.1 wit
%%, Cr in the range of, or of about, 16 wt %, Ni1n the range of, or of about, 6 wi %, Mn i the
range of, or of about, 2 wit %, St of at most, or of at most about, 0.75 wit %, Mo i the range of,
or of about, 1.2 wi %, P of at most, or of at most about, 0.045 wi %, S of at most, or of at most
about, 0.03 wt %, with the remaming composition {by wt %} being Fe and incidental
mapurities. In some embodiments, the steel alloy composition comprises C of at most, or of at
most about, 0.03 wt %, N in the range of, or of about, 0.12 wt %, Cr m the range of, or of
about, 13 wt %, Ni in the range of, or of about, 4 wt %, Mn n the range of, or of about, 6 wt
Y%, 81 of at most, or of at most about, 0.75 wt %, Mo i the range of, or of about, 2 wt %, P of
at most, or of at most about, 0.0435 wt %, S of at most, or of at most about, 0.03 wit %, with the
remaining composition {by wt %) being Fe and incidental impurities. In some embodiments,

the steel alloy composition comprises C of at most, or of at most about, 0.03 wt %, N m the

0.
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range of, or of about, 0.05-0.15 wt %, Cr in the range of, or of about, 10-15 wt %, Ni in the
range of, or of about, 3.5-4.5 wt %, Mn in the range of, or of about, 4-6 wit %, 81 of at most, or
of at most about, 0.75 wt %, Mo in the range of, or of about, 1 .5-2.5 wt %, P of at most, or of
at most about, 0.045 wt %, § of at most, or of at most about, 0.03 wt %, with the remaining
composition (by wt %} being Fe and mcidental mmpurities. In some embodiments, the steel
alloy composition comprises O of at most, or of at most about, 0.03 wt %, N in the range of,
or of about, 0.1 wt %, Cr i the range of, or of about, 11 wi %, Nt in the range of, or of about,
4 wit %, Mn in the range of, or of about, 6 wt %, Si of at most, or of at most about, 0.75 wt %,
Mo in the range of, or of about, 1.0 wit %, P of at most, or of at most about, 0.045 wt %, 8§ of
at most, or of at most about, 0.03 wt %, with the remaining composition {hy wt %) being Fe
and mcidental impurities. In some embodiments, the steel alloy composttion comprises C of
at most, or of at most about, 0.03 wt %, N in the range of, or of about, 0.05-0.15 wt %, Crin
the range of, or of about, 10-15 wt %, Ni in the range of, or of about, 3.5-4 5 wt %, Mn in the
range of, or of about, 4-6 wt %, St of at most, or of at most about, 0.75 wt %, Mo in the range
of, or of about, 0.5-1.5 wt %, P of at most, or of at most about, 0.045 wt %, S of at most, or of
at roost about, 0.03 wt %, with the remaining composition {by wi %) being Fe and ncidental
mnpurities. In some embodiments, the steel allov composition comprises C of at most, or of at
moost about, 0.03 wt %, N n the range of, or of about, 0.15 wt %, Cr in the range of, or of
about, 16wt %, N1 in the range of, or of about, 5.5 wt %, Mn in the range of, or of about, 2.7
wt %6, 81 of at most, or of at most about, 8.75 wt %, Mo 1o the range of, or of about, 1.25 w1t
%, P of at most, or of at most about, 0.045 wi %, 8§ of at most, or of at most about, 0.03 wi %,
with the remaming composition (by wt %} being Fe and mmcidental impurities.  In some
embodiments the maximum mcidental impurities or other elements total, total about, total at
most, or total at mostabout, 0.15 or 0.1 wt %. Insome embodiments, each elemental incidental
mapurity or each other element 1s, is about, 1s at most, or 1s at most about 0.05 wi %.

[8052] In some embodiments, the steel alloy composition comprises carbon () n
an amount of, of about, of at least, of at least about, of at most, or of at most about, 0.1 wt.%,
0.05 wi %, 0.04 wt.%, 0.03 wt.%, 0.02 wt %, 0.01 wt.% or 0.005 wt.%, or any range of values
therebetween. In some embodiments, the steel alloy composition comprises nitrogen (N} in an
amount of, of about, of at least, of at least about, of at most, or of at most about, 1 wt.%, 0.5

wt.%, 0.25 wt%, 0.2 wit%, 0.15 wt.%, 0.12 wt%, 0.11 wt.%, 0.7 wit %, 0.05 wit.% or 0.01

-10-
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wi. %, or any range of values therebetween. In some embodiments, the steel alloy composition
comprises chromium (Cr} in an amount of, of about, of at least, of at least about, of at most, or
of at most about, 25 wi.%, 20 wt.%, 19 wt.%, 18 wi%, 17 wt%, 10 wt.%, 15 wt.%, 14 wt %,
13 wi%, 12 wt%, 11 wt%, or 10 wi%, or any range of values therebetween In some
embodiments, the steel alloy composition camprises nickel (Ni} in an amount of, of about, of
at least, of at least about, of at most, or of at most about, 15 wt.%, 10 wt %, 9 wt.%, 8 wt.%, 7
wi%, 6 wt%, 5.5 wt.%, S wi%, 4 wit %, 3 wt.%, 2 wt %, I wt% or 0.5 wt.%, or any range of
values therebetween. Insome emhodimems, the steel alloy composition comprises manganese
(M) in an amount of, of about, of at least, of at least about, of at most, or of at most about, 15
wi.%, 10 wt.%, 9wt %, 8 wt. %, 7 wt.%, 6 wt.%, 5 wt %, 4 wt.%, 3 wt.%, 2.7 wt.%, 2.5 wt. ©
2wt%, 1.5 wt%, 1 wi.%, 0.5 wt % or 0.1 wi.%, or any range of values therebetween. Insome
embodiments, the steel alloy composition comprises Silicon (81} in an amount of, of about, of
at least, of at least about, of at most, or of at most about, 2 wt.%, 1 wt.%, 0.9 wt.%, 0.8 wt.%,
0.75 wt.%, 0.7 wt %, 0.65 wt.%, 0.6 wt.%, 0.55 wit.%, 0.5 wt.%, 0.4 wt.%, 0.3 wt.%, 0.2 wi %
0.1 wt.% or 0.05 wi.%, or any range of values therebetween. In some ermbodiments, the steel
alloy composition comprises molybdenum (Mo} in an amount of, of about, of at least, of at
least about, of at most, or of at most about, 5 wt%, 4 wt %, 3 wt.%, 2 wt.%, 1.7 wt%, 1.5
wi%, Ld wt%, 1.25 wi%, 1.2 wt9%, 1 wi%, 0.9 wt%, 0.8 wt.%, 0.75 wi.%, 0.7 wt.%, 0.6
wt%, 0.5 wi%, 0.4 wi%, 0.3 wit.% 0.2 wt. %, 0.1 wt.% or 0.05 wt.%, or any range of values
therebetween. In some embodiments, the steel alloy composition comprises phosphorus {(P)in
an amount of, of about, of at least, of at least about, of at most, or of at most about, 1 wi%, 0.5
wit.%, 0.1 wt.%, 0.08 wt.%, 0.07 wi.%, G.06 wt.%, 0.05 wt%, 0.045 wt.%, 0.04 wi.%, .03
wt. %, 0.02 wt.%, 0.01 wt.% or 0.005 wt.%, or any range of values therebetween. In some
embodiments, the steel alloy composition comprises sulfur (8) 10 an amount of, of about, of at
least, of at least about, of at most, or of at most about, 1 wi%, 0.5 wt %, 0.1 wt.%, 0.08 wi.%,
0.07 wi.%, 0.00 wt.%, 0.05 wt.%, 0.045 wi.%, 0.04 wt.%, 0.03 wt.%, 0.02 wi.%, 0.01 wt% or
(¢.005 wt.%, or any range of values therebetween. In some embodiments, the steel alloy
composiiion comprises copper (Cu} in an amount of, of about, of at least, of at least about, of
at most, or of at most about, 2 wt.%, 1 wt.%, 0.9 wi.%, 0.8 wt.%, 0.7 wi.%, 0.6 wt.%, 0.5 wi.%
0.4 wt.%, 0.3 wt%, 0.2 wt.%, 0.1 wi%, 0.08 wt.%, 0.07 wt.%, 0.06 wi%, 0.05 wt.%, 0.045

wt.%, 0.04 wt%, 0.03 wt%, 0.02 wt %, 0.01 wt% or 0.005 wt%, or any range of values
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therebetween. In some embodiments, the steel alloy composition comprises cobalt {Co) inan
amount of, of about, of at least, of at least about, of at most, or of at most about, 2 wit.%, 1
wt.%, 0.9 wt.%, 0.8 wit %, 0.7 wt%, 0.6 wit%, 0.5 wt%, 0.4 wit%, 0.3 wt%, 0.2 wi%, 0.1
wt.%, 0.08 wt. %, 0.07 wt.%, 0.06 wt.%, 0.05 wt.%, 0.045 wt %, 0.04 wt.%, 0.03 wt.%, .02
wit. %, 0.01 wt.% or 0.005 wt %, or any range of values therebetween. In some embodiments,
the steel alloy composttion comprises aluminum (Al} in an amount of, of about, of at least, of
at least about, of at most, or of at most about, 1 wt.%, 0.5 wt%, 0.1 wt.%, 0.08 wt %, 0.07
wit.%, 0.06 wt. %, 0.05 wt %, 0.045 wt.%, 0.04 wt. %, 0.03 wt %, 0.02 wt.%, 0.01 wt.% or 0.003
wt %, or any range of values therebetween. In some embodiments, the steel alloy composition
comprises titanium (11} in an amount of, of about, of at least, of at least about, of at most, or
of at most about, T wit.%, 0.5 wi.%, 0.1 wi.%,. 0.08 wi.%, .07 wt.%, .06 wt %, 0.05 wt.%,
0.045 wt.%, 0.04 wt.%, 0.03 wt %, 0.02 wt.%, 0.01 wt.% or 0.005 wt %, or any range of values
therebetween. In some embodiments, the steel alloy composition comprises boron (B} in an
amount of, of about, of at least, of at least about, of at most, or of at most about, 1 wt.%, 0.5
wt.%, 0.1 wt.%, 0.08 wi.%, 0.07 wt.%, 0.06 wt%, 0.05 wi.%, 0.045 wi %, 0.04 wt %, ¢.03
wt.%, 6.02 wt.%, 0.01 wt.% or 0.005 wt.%, or any range of values therebetween. In some
embodiments, the steel alloy composition comprises each elemental ncidental impurity or
each additional element not listed i an amount of, of about, of at most, or of at most about,
0.1 wt.%, 0.07 wt.%, 0.05 wit %, 0.04 wi.%, 0.03 wi.%, 0.02 wt.%, 0.01 wt.% or 0.005 wt.%,
or any range of values therebetween. In some embodiments, the steel alloy compostion
comprises a maximum incidental impurities or additional element total i an amount of, of
about, of at most, or of at most about, T wi%, 0.5 wt.%, 0.3 wt %, 0.2 wi%, 0.15 wt.%, 0.1
wt. %, 0.07 wt.%, 0.05 wit.%, 0.04 wt %, 0.03 wi.%, 0.02 wt.%, 6.01 wt.% or 0.005 wt.%, or
any range of values therebetween.

[8053] In some embodiments, the steel alloy composttion comprises martensite in
an amount of, of about, of at least, of at least about, of at most, or of at most about, 50 vol %,
40 vol %, 30 vol %, 25 vol%, 20 vol %, 18 vol %, 16 vol %, 15 vol%, 14 vol %, 13 vol.%

12 vol%, 11 vol %, 10 vol %, 8 vol % or 5 vol.%, or any range of values therebetween. In
some embodiments, the steel alloy composition comprises ferrite in an amount of, of about, of

at least, of at least about, of at most, or of at most about, 50 vol.%, 40 vol.%, 30 vol. %, 25
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vol %, 20 vol%, 18 vol %, 16 vol%, 15 vol %, 14 vol %, 13 vol %, 12 vol.%, 11 vol %, 10

vol.%, 8 vol % or 5 vol %, or any range of values therebetween.

(6054} Computational survey space for steel alloys with wt % Fe-Cr-Ni-Mo-Mn-

{-N-0.7581 were performed and shown in FIGS. 1A and 1B, wherein FIG. 1A shows

computational resuits for corrosion resistance in pitting resistance equivalent number (PREN)

v. martensite formation start temperature (Ms), and FIG. 1B shows computational resulis for

the driving force comparison between FCC, BCC and HCP. Using the computational survey

space, steel alloy compositional ranges with predicted martensite formation temperature ranges

and pitting resistance equivalent number (PREN) are shown below in Table 1 for steel alloys

A1-AS.
Table 1

Aty | Fe | C N Cr Ni Min i Mo [ 5 | Ws[K] | PERN
A Bal V0030062 e | 6 I O i3 G048 Miax | 003 | 240 3075-
Max 25 | Max Max | 340 26.9

A2 | Bal | 003 | 005 | 345§ 3% 68 | 073 23 0045 Max | 003 | 169 212
Max | 0.5 Max Max | 286 255

A3 U Bal | 003 | 025 [ 15.0- | 4553 | 18 | 073 | 0545 | 0.045Max | 003 | 236 231
Max | 0. 17.0 25 1 Max Max | 348 21

AL Bal [ 003 [ 045 | 168 | 56 Vi | 075 | 1020 | O045Max | 003 | 257- 715
Max | 023 25 | Max Max | 340 278

A5 | Bal | 003 | 008 | 179§ 79 §6 | 075 | 0515 | 004SMax | 0% | 100 235
Max | 015 Max Max | 244 239

A6 | Bal | 003 o 314 | 45 57075 | 0g5 | 6045 Max | 003 | 294 163
Max Max §.25 Max | 349 173

A7 Bal | 008 | 005 | 1347 1 6% T3 1 075 [ 0345 | G0dsMax | 003 | 24 i5.9-
Max | 0.5 25 1 Max Max | 352 215

R I T X TER Y E A T NE A 46 ToTE oA T 004 Max | 003 | 200- 199
Max | 015 Max 15 Max | 359 219

[0055] FIGS. 2A and 2B show computational results for corrosion resistance n

pitting resistance equivalent number (PREN) v. martensite formation start temperature {(Ms}

and the driving force comparison between FOC, BCC and HCP, respectively, for alloys A4,
& 2 o o

AT and A3, FIG. 2C shows computational results for corrosion resistance in pitiing resistance

equivalent number (PREN) v, martensite formation start temperature {(Ms), respectively, for

Ad{re, Alloy 1), A7 (ie, Alloy 2}, A B {1.e, Alloy 3}, B1 (1.e, Alloy 4), BZ (1e, Alloy §),

B3 {1e, Alloy 6yand A42) (1.e, Alloy 7). Steel alloy compositional ranges for alloys Ad (1.e,
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Alloy 1), AT (1e, Alloy 2}, A 8 (1.e, Alloy 3), Bl (1e, Allov 4}, B2 (1.e, Alloy 5), B2(2), B3
{Le., Alloy 6), B3(2), A4(2} (1e., Alloy 7) and A4(3) are shown below in Table 2.

Table 2

Alloy Alioy Fe C N Cr Ni M Si Mo P N
n
Ad Alloy | Bal. .03 Max 0.15- 16-1% 56 1.5.2.5 0.75 1.0~ 0.045 0.03
625 Max 20 Max Max
A7 Alloy 2 Bal $.03 Max 0.05- 15-17 68 1.5-2.5 0.75 0.5- 0.045 0.03
615 Max 15 Max Max
A8 Alloy 3 Bal 0.03 Max 0.05- 15-17 46 4-6 0.75 6.75- 0.045 0.03
0.15 Max 1.5 Max Max
B1 Alloy 4 Bal 0.03 Max 0,11 i6 [ 2 0.75 1.2 0.043 0.03
Max Mazx Max
B2 Alloy 5 Bat (.03 Max 612 13 4 3 0.75 2.0 0.045 0.03
Max Max Max
B2(%) / Rat. (.03 Max 0.05- 10-15 35 4-6 0.75 1.5~ 6.045 0.03
615 4.3 Max 2.5 Max Max
B3 Alloy 6 Bal 0.03 Max 0.1 11 4 6 0.75 1.0 0.045 (.03
Max Max Max
B3 / Bal 0.03 Max 0.05- 015 3.5+ 4-6 0.75 0.5- 0.045 0.03
0,15 4.5 Max 15 Max Max
A4(2) Alloy 7 Bal (.03 Max G.18 16 S8 2.7 0.75 1.25 G.045 0.03
Max Max Max
Ad{3y / Bat. (.03 Max 0.15- 16-i8 5.6 1.5-3.0 0.75 1.0~ 0.045 0.03
625 Max 20 Max Max
[3056] FIG. 3 shows an Ashby Plot of computed hardness v. corrosion resistance

of steel alloys Ad, A7 and A8 shown agamnst the actual respective values for commercial steel
alloys. As shown i FIG. 3, alloys Ad, A7 and AR are computed to approach of or be above a

hardness of 420 HV and corrosion resistance of 304L/316L commercial alloys.

Steel Allov Crysialline Properiies

[8057] In some embodiments, the steel alloy 15 an austenitic steel 1 the O temper,
annealed condition. Through work hardening, strain-induced martensite may be formed. The
degree to which the strain-mduced martensite 13 formed may be owed to the austente stabiity
of the alloy at the conditions of cold working, including temperature and pressure. In some

embodiments, as more strain-induced martensite s formed the alloy may become harder,
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increases in ferromagnetic character, improves the corrosion resistance and/or improves the
strength of the material.

[605&] in some embodiments, the steel alloys form martensite crystaliine structures
at, at about, at leasi, at least about, at most, or at most about, SO0K, 450K, 400K, 350K, 340K,
330K, 320K, 310K, 300K, 200K, 289K, 280K, 270K, 260K, 250K, 240K, 220K, 200K or

150K, or any range of values therebetween.

Alloy Hardness

00591 Alloy hardness may be controlled to impart scratch resistance, and to
maintain a certain level of pit resistance and environmental resistance to the alloy. Hardness
of an allov may be given and/or calculated according to various scales. In some embodiments,
hardness is given in the Rockwell scale {(e.g. HRC). In some embodiments, hardness is given
n Vickers scale (ie. HV}.

[0060] In some embodiments, the steel alloy has a hardness of, of about, of at least,
of at least about, of at most, or of at most about, 35 HRC, 40 HRC, 41 HRC, 42 HRC, 43 HRC,
44 HRC, 45 HRC, 46 HRC, 47 HRC, 48 HRC, 49 HRC, 50 HRC, 52 HRC, S5 HRC or 60
HRC, or any range of values therebetween. In some embodiments, the steel alloy has a
hardness of, of about, of at least, of at least about, of at most, or of at most about, 350 HY, 370
HV, 375 HY, 380 HV, 300 HVY, 400 HV, 410 HV, 420 HV, 430 HV, 430 BV, 475 HV or 300

HYV, or any range of values therebetween.

Corrosion/Oxadation Resistance

[8061] The cold-worked steel alloys are expected to last within punishing
environments, such as those used i automotive applications where the automotive vehicle 1s
subjected to extreme hot and cold environments. In some embodiments, the steel alloys are
resistant to corroston and/or oxidation, which improves environmental and/or dissolution
resistance. Corrosion resistance of an alloy may be given and/or according to various scales
or relative to other known alloyvs. In some embodiments, corrosion resistance 1s given in the
pitting resistance equivalent number (PREN} scale. In some embodiments, corrosion

resistance s given as the difference between critical pitting potential {(Epe) and the open-circuit
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potential (Feep} ina 3 wi% sodium chlonde aqueous solution. In some embodiments, the pitting
potentials are measured against a saturated calomel electrode {SCE).

[6062] In some embodiments, the corrosion resistance of the steel alloy s, is about,
is at least, or is at least about, as much as a 3041 alloy ora 316L alloy. In some embodiments,
the corrosion resistance of the steel alloy 1s, is about, is at least, or 15 at least about, 15 PREN,
18 PREN, 20 PREN, 21 PREN, 22 PREN, 23 PREN, 24 PREN, 25 PREN, 26 PREN, 27 PREN,
28 PREN, 29 PREN, 30 PREN, 32 PREN, 35 PREN or 40 PREN, or any range of values
therebetween. In some embodiments, the Epi-Focp corrosion resistance of the steel alloy ina 3
wi%s sodium chloride agueous solution is, 1s about, 15 at least, or is at least about, 450 mV vs.
SCE, 480 mV vs. SCE, 490 mV vs. SCE, 500 mV vs. SCE, S10mV vs. SCE, 20 mV vs. SCE,
530 mV vs. SCE, 540 mV vs. SCE, 550 mV vs. SCE, 560 mV vs. SCE, 370 mV vs. 8CE, 580
mV vs. SCE, 590 mV vs. SCE, 600 mV vs. SCE, 620 mV vs. 8CE, 650 mV vs. 8CE, 700 mV
vs. SCE, 750 mV vs. SCE, 800 mV vs. SCE or 830 mV vs. SCE, or any range of values
therebetween. In some embodiments, the corrosion current density of the steel alloy ina 3
wt% sodium chloride aqueous solution is, 15 about, 1s at least, or 15 at least about, 10 nA/cem?,
1S nA/em?, 20 nAdem?, 25 n&/ent?, 30 nA/crn?, 35 nA/em?, 40 nAdent’, 45 nAlero?, 50 nAlcnd’,

T p Ty 2 / 2 n 2
35 nA/em?, 60 nA/or?, 65 nA/em?® or 70 nAlem®, or any range of values therebetween.

Allov Yield Strength

{6063} The steel allovs may have improved vield strengths, which may improve
dent resistance and scratch resistance.

[6064] In some embodiments, the yield strength of the steel alloy 15, 15 at least, or
15 at least about, 900 MPa, 1000 MPa, 1030 MPa, 1100 MPa, 1150 MPa, 1200 MPa, 1250
MPa, 1300 MPa, 1450 MPa, 1500 MPa, 1600 MPa, 1700 MPa, 1800 MPa, 2000 MPa or 2500

MPa, or any range of values thergbetween

Alloy Ultimate Tensile Strensth

[8065] in some embodiments, the ultimate tensile strength of the steel alloy 15, 1s
about, 18 at least, or 1s at least about, 800 MPa, 900 MPa, 1000 MPa, 1050 MPa, 1100 MPa,
1150 MPa, 1200 MPa, 1250 MPa, 1300 MPa, 1450 MPa, 1500 MPa, 1600 MPa, 1700 MPa,

1800 MPa, 2000 MPa or 2500 MPa, or any range of values therebatween.
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Alloy Ductility

0066} The ductility of the steel alloy may also be considered such that the parts
are suitable for use in automobile applications. Ductility of an alloy may be measured by the
bend angle and/or the elongation of the alloy, although bend angle is preferred.

[0067] In some embodiments, bend angle of an alloy is, 18 about, is at least, is at
least about, is at mosi, or 15 at most about, 407, 50°, 55°, 60°, 657 70°, 75°, 80°, 85°, 90°, 95°,
1007, 110°, 120°, 130°, 140° or 160°, or any range of values therebetween. In some
embodiments, the bend angle is measured at a section thickness of, of about, of at most, of at
most about, of at least, or of at least about, 1 Omm, 1 Smm, 1 8 mm, 2 mm, 2.2 mm, 2.5 mm,
2.8 mm, 3 mm, or 4 mm, or any range of values therebetween. In some embodiments, the bend
angle 15 measured using the VDDA238-100 evaluation standards. In some embodiments, a
longitudinal bend angle 1s measured. In some embodiments, a longitudinal bend angle is the
bend angle measured in the direction parallel with respect to the rolling direction. In some
embodiments, a transverse bend angle 1s measured 1 a direction perpendicular to the rolling

direction.

Processing Methods

[6068] Embodiments of the present disclosure include a process for preparing a
cold-worked steel alloy. The steel alloy 13 cold-worked m order to umprove alloy
charactenistics, such as hardness, strength, and/or corrosion resistance. In some embodiments,
cold-working improves additional alloy characteristics, such as crystalline properiies, yield
strength, ultimate tensile strength and/or ductibty. In some embodiments, cold-working 13
configured to achieve or mamtain ductility relative to the steel alloy prior to cold-working, In
some embodiments, cold-working may be performed by cold-rolling the alloy.

[8069] In some embodiments, the process further includes casting an alloy of the
elemental composttion described herein. In some embodiments, the process further includes

hot-working {e.g

&0

hot-rolling and/or hot wire drawing}, annealing and/or pickling the alloy. In
some embodiments, the process further includes hot-working (e.g. hot-rolling and/or hot wire
drawing), annealing and/or pickling the allov prior to cold-working (e.g. cold-rolling and/or

cold wire drawing) the alloy. In some embodiments, hot-working of the alloy is performed
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prior to annealing and/or pickling the alloy. In some embodiments, hot-working of the alloy
is performed subsequent to annealing and/or pickling the alloy.

6078} in some embodiments, the process further includes cutting and/or
machining the steel alloy and/or cold-worked steel alloy. In some embodiments, the steel alloy
a monolithic metal sheet. In some embodiments, the monolithic metal sheet may be
manufactored by providing an mitial monolithic metal sheet, cutting the nitial monolithic
metal sheet to form a cut monolithic metal sheet, and shaping the cut monohithic metal sheet
to form the monolithic metal sheet. In some embodiments, the monolithic metal sheet i1s in the
shape of a door panel. In some embodiments, the monolithic metal sheet is in the shape of an
external portion of a frame. In some embodiments, cutting is performed by laser cutting.

(0071} In some embodiments, the alloy is cold-work to a thickness reduction,
relative to a thickness prior to cold-working, (1e. cold-work%s = 100 * ([initial thickness] —
icold-worked thickness]) / [initial thickness]) of, of about, of at least, of at least about, of at
most, or of at most about, 20%, 25%, 30%, 35%, 40%, 42%, 44%;, 46%, 48%%, 50%, 52%. 55%,
60%, 65%, 70%, 75% or 80%, or any range of values therebetween. In some embodiments,
the alloy 1s cold-worked to a thickoess of, of about, of at most, or of at most about, 0.01 rom,
005 mm, 6.1 myn, 03 mum, 05 mm, 1 mm, 2 mam, 3 mam, 4 rom, 5 mm, 6 mm, 8 myn, 10 mm.
In some emboduments, the cold worked steel alloy 13 in a form selected from a sheet, plate,
wire, bar, or combinations thereof In some embodiments, processing the steel alloy 1s

performed prior to cold-working the steel alloy the processed steel alloy.

Vehicle

[08072] Embodiments of the present disclosure mclude vehicles that comprise the
disclosed steel alioy. In some embodiments, at lfeast one exterior panel and/or body of the
vehicle comprises the steel alloy. In some embodiments, the vehicle architecture 1s designed
such that the exterior panels of the vehicle also contribute to the vehicle’s structural
performance, wherein such exterior paneling of a vehicle may be referred to as an
“exoskeleton” In some embodiments, the exterior panel is or s formed from a monolithic
metal sheet of the steel alloy. In some embodiments, the corrosion resistance of the monolithic

metal sheet allows for the exterior panel of the vehicle to be utilized without application of an
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anticorrosion coating of corrosion protective agent {e.g. pant). In some embodiments, an
extertor surface of the exterior panel does not comprise paint.

(6073} In some embodiments, the vehicle is an automotive vehicle. In some
embodiments, the vehicle comprises an electric motor. In some embodiments, the automotive
vehicle 15 a truck or a car {e.g. sedan). In some embodiments, the exterior panel s selected
from the group consisting of a door panel, a roof panel, an underbody panel, a hood panel, a
fender panel, a trunk panel, a liftgate panel, and combinations thereof In some embodiments,
the exterior panel is the door panel.

10074} Methods of manufacturing a vehicle, such as an automotive vehicle, are also
disclosed. Insome embodiments, a monolithic metal sheet i1s provided, at least one component
15 attached directly to the monolithic metal sheet to form an exterior panel, and the exterior

panel is attached to an exterior portion of a vehicle body.

EXAMPLES

Example | - 530ib Scale

[6075] An alloy within the target ranges of alloy A4 was prepared at a 501b scale,
with the actual compositional alloy elemental values shown in Table 3. The alloy was formed
by casting the alloy, then machiming the alloy, then hot rolling the alloy, and then annealing
and pickling the alloy. The alloy was then tested and 1maged after anvealing and pickling of

the alloy, and also tested and imaged after a subsequent cold rolling of the alloy to various

degrees.
Table 3
Chemistry Fe C N Cr Ni Mn Sk Mo P S
Target Bal. 0.03 0.15- i6-18 $-6 1525 0,758 1.0-2.0 0.043 0.03
Max 0.25 Max Mazx Max
Actual Bal. 0.028 .18 165 55 1.5 0.3 1.5 0.004 0.002

[8076] The actual alloy composition of Table 3 was cold-worked to various degrees
wherein Table 4 summarizes results for various cold work amounts. FIGS. 4A and 4B show
optical micrographs of the actual alloy composition of Table 3 cold-worked to 24% reduction.
FIGS. SA and 5B show optical micrographs of the actual alloy composition of Table 3 cold-

worked to 36% reduction. FIGS. 6A and 6B show optical micrographs of the actual alloy
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cold-worked to 44% reduction.
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FIGS. 7A and 7B show optical

micrographs of the actual alloy composition of Table 3 cold-worked to 56% reduction. Table

4 sunumarizes the experimental data of the actual alloy composition of Table 4 cold-worked to

different reduction percentages.

Gtrength

Strength

Table 4

HERHRC

Farrite Yop

Ferrite Bottem

Moa

Mpas

HRB/HRC
82 BRB

43 BRE

%

Nt messured

%%

Not measured

Fxample 2 - 50ks Scale

16077

Alloys within the target ranges of allovs Ad, A7 and AR were prepared ata

S0kg scale, with the actual compositional alloy elemental values shown in Table 5. The alloys

were formed by casting the alloy, then annealing and pickling the alloy, and then hot rolling

the alloy. The alloys were then tested and imaged after annealing and pickling of the alloys,

and also tested and imaged after a subsequent cold rolling of the alloys to various degrees.

Table S
Chessistry Fe C N Cr Ni Wi St Me P N Cu
Ad Target Bal 0.03 G.15- 16-18 56 1,825 .75 1.09-2.0 G.048 0.03 0.2-0.4
Max 0.25 Max Max Max
A4 Actual Bal. 0.013 0181 16.82 5.56 2.01 032 153 $.609 0.0047 0.3
AT Target Bal. G.03 0.05- 15-17 6-8 1528 0.75 (4.5-1.8 0.03 0.03 0.2-0.4
Max 0.15 Max Max Max
A7 Actual Bal. .01 0,409 16.02 703 2.02 0.3% I $.008 0.0044 0.3
A8 Target Bal 0.03 G.08- 18-17 4-6 4-6 .75 0.75-15 | 0.03Ma 0.03 0.2-0.4
Max 0.15 Max X Max
A8 Actual Bal. 0.00%9 0.104 15.87 503 5.02 (.51 124 0.008 0.6055 0.28
[607&] The actual alloy compositions of Table S for alloys A4, A7 and AR were

cold-worked to various degrees wherein Tables 6A-6C summarize results for varions cold

work amounts. The hardness, strength and elongation experimental properties are shown 1n
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FI( 8 for the actual alloy compositions of Table 5 for alloys A4, A7 and A% FIGS. 9-i1

shows the longitudinal stress-strain experimental data for the actual alloy compositions of

Table 5 for alloys A4, A7 and A%, respectively, cold-worked to various degrees. FIGS. 12A,

128 and 12C show optical micrographs of the actual alloy composition of Table 5 for alloys

A4 A7 and AS, respectively, that have been cold-worked.

Tabhle 8A

______________________ Cold Work [ Thickness {Orientation {0.2% Offset Yield Strength {Ultimate Tensile Strength
SUnEt % mim Mpa Mpa

Ad { 51410 383.0 750.0
Ad G 5437 393.0 788.0
A4 40 3.04{1 820.7 1254.5
Ad 40 30347 1023.7 1323.7
Ad 50 2.54{L 1160.9 1333.3
Ad 50 2.56{T 1164.5 1428.6
Ad &0 2.06{L 1352.2 1457.4
Ad 50 2.08{7 1333.4 i564.7
A7 { 4.96{L 320.7 5638.2
A7 G 4,967 348.0 702.5
A7 40 3.04{1 1007.7 1099.8
A7 40 30347 917.8 1079.0
A7 50 2.53{L 979.1 1203.9
A7 50 2.541T 1051.7 1203.0
A7 60 2.04{L 1222.8 1317.3
A7 50 2,057 1210.0 1386.9
A8 0 49911 335.5 7313
AB G 49817 365.8 TA42
A8 40 3.06{L 1049.5 11751
A8 40 3.06{7 1026.2 1233.7
A8 50 2.514L 1163.7 1317.0
A8 50 25071 1184.7 1354.0
AB 60 2.08{L 1256.3 1402.6
A8 50 2447 1300.2 1460.4
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Table 68

''''''''''''''''''''''' Cold Work [Thickness |Orientation {Uniform Elongation Total Elongation {27}
Uniti% mm % %

A4 G 5.14{L 38.4 45.0
A4 O 5437 36.7 419
Ad 40 3.04{L 15.3 19.8
Ad 40 3.03(7 9.2 12.1
Ad 50 2.541L 0.8 16.3
A4 50 2.56{T 7.6 10.7
A4 60 2.06]L 0.7 8.1
A4 60 2.08{T 4.1 5.7
A7 0 4.961L 40.4 47.5
A7 O 4.96{T 38.9 45,7
A7 40 3.04{L 12.2 17.3
A7 40 3.03{T 1.3 15
A7 50 2.53)L 1.0 11.8
A7 50 2.54{T 3.1 5.2
A7 60 2.04]L 0.7 6.7
A7 60 2.05{T 4.7 7.4
AR 0 4,991 41.5 48.1
A8 O 4997 38.1 43.9
A8 40 3.06{L 1.3 12.0
A8 44 3.06{T 5.6 117
A8 50 25400 0.9 6.3
AR 50 2.514T 1.8 7.3
A8 50 2.090L 0.8 5.0
A% 60 24447 2.0 5.2
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Table 6C

““““ Cold Work iThickness {Orientation fHardness Feritscope % Ferrite Top  {Feritscope % Ferrite Bottom
‘Unitl% M HY % %
A4 0 5.14{L 207.5 0.9 1.4
Ad 0 5.13{7
Ad 40 3.04{L 417.5 24.5 25.1)
Ad 40 3.03]T
A 50 2.54{L 453.0) 28.6 27.9
Ad 50 2.56{T
Ad &0 2.06{L 482.0 24.8 24.3)
Ad &0 2.08{7
A7 0 4,96{L 188.0 3.9 6]
A7 0 4.96{7
A7 40 3.04{L 334.0 28.6 27.8
A7 45 3.03{7
AT 50 2.53{L 410.0 34.3 32.7
A7 50 2.541T
A7 &0 2.04{L 4425 38.2 40,6}
A7 &0 2.05{T
AS 0 4.99{L 189.5 1.5 9
AS 0 4,997
A8 a0 3.06{L 4160 33.6 33.2
A8 40 3.06{7
A8 50 2540 434,01 29.2 29.5
A8 50 2547
A8 &0 20544 459.5 45.2 46.2)
A8 &0 2347

6079 An alloy within the target ranges of A4 alloy was prepared at a 170 metric

ton scale and a 5O kg scale. An alloy within the target ranges of A7 alloy was prepared ata 30
kg scale. The alloy was formed by casting the alloy, then machining the alloy, then hot rolling
the alloy, and then annealing and pickling the alloy. The alloy was then tested after annealing
and pickling of the alloy (labeled as Annealed), and also tested after a subsequent cold rolling
of the alioy (labeled as Cold rolled).

[008G] FIG. 13A shows the experimental results of Epi-Foop corrosion resistance of
Ad alloy and A7 alloy prepared at a 50kg scale (lab scale) and 170 metric ton scale {null scale)
m a3 wt% sodium chloride aqueous solution measured agamst a standard calomel electrode
(SCE). Asshown inthe FIG. 13A, A4 alloy has a Epi-Eacp cotrosion resistance of approaching
or more than 700 oV prepared at a 170 metric ton scale. FIG. 13B shows the experimental
results of corrosion current density leorr of A4 alloy and A7 alloy prepared at a SOkg scale (lab

scale} and 170 roetric ton scale (mill scale) 1 a 3 wit% sodiurm chloride agueous solution,
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[6081] Table 7 summarizes some of the experimental results of corrosion resistance

for A4 and A7 alloys in different conditions.

Table 7
Alloy | Alley Condition Epit-Eoep (mV v. SCE) Feorr {nA/em?)
b
Ad Alloy 1 Mill scale, anncaled 775143 2943
Ad Alloy | Mill scale, cold-worked 696 4+ 37 2141
A7 Allov 2 Lab scale, anncaled 3914 18 32410
A7 Alloy 2 Lab scale, cold-worked 435 43 42419
Example 4

[6082] An alloy within the target ranges of A4, A7, Bl, B2 and B3 alloys were
prepared at a 50 kg scale {(lab scale). An alloy within the target ranges of A4 alloy was also
prepared at a 170 metric ton scale. The alloy was formed by casting the alloy, then machining
the alloy, then hot rolling the alloy, and then annealing and pickling the alloy. The alloy was
then tested after annealing and pickling of the alloy (labeled as Annealed).

[6083] FIG. 14A shows the experimental resulis of Epi-Foop corrosion resistance of
A4, A7, B1, B2, and B3 alloys prepared at a3 50kg scale {lab scale) and A4 alloy prepared ata
170 metric ton scale {mill scale) 112 3 wit% sodium chioride aqueous solution measured against
a standard calomel electrode {(SCE). FIG. 14B shows the experimental results of corrosion
current density leor of A4, A7, B1, B2, and B3 allovs prepared at a 50kg scale (lab scale) and
Ad alloy (mill scale) prepared at a 170 metric ton scale i a 3 wi% sodiom chloride aqueous
solution.

[0084] FIG. 15A shows the experimental results of Hpi-Hoop corrosion resistance of
A4 A7, BI1, B2, and B3 alloys prepared at a S0kg scale (lab scale} and A4 alloy prepared at a
170 metric ton scale (null scale} in a 3 wit% sodium chloride agueous solution measured against
a standard calomel electrode (SCE} versus corrosion resistance in piiting resistance equivalent
number (PREN}. FIG. 158 shows the experimental results of corrosion current density Yeow of
A4 A7, BI1, B2, and B3 alloys prepared at a S0kg scale (lab scale} and A4 alloy prepared at a

170 metric ton scale (mull scale) in a 3 wi% sodium chloride aqueous solution measured against
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a standard calomel elecirode {SCE) versus corrosion resistance in pitting resistance equivalent

number {PREN}.

Example §

[6085] An alloy within the target ranges of Alloy 1 {1.e., Ad allov), Alloy 2 (ie,
A7 allov), and Alloy 4 (1.e, B1 alloy) were prepared at 3 50 kg scale. The alloy was formed
by casting the alloy, then machining the alloy, then hot rolling the allov, and then annealing
and pickling the alloy. The alloy was then tested after annealing and pickling of the alloy
(labeled as Annealed), and also tested after a subsequent cold rolling of the alloy (labeled as
Cold rolled).

(0086} FIG. 16A shows the experimental results of Epi-Foop corrosion resistance of
Alloy 1 (1e, Ad alloy), Alloy 2 (ie, A7 allov), and Alloy 4 (1.e., BI alloy) prepared ina 50kg
scale annealed and cold-worked ina 3 wt%s sodium chloride aqueous solution measured against
a standard calomel electrode (SCE). FIG 16B shows the experimental results of corrosion
current density Ieor of Alloy 1, Alloy 2, and Alloy 4 prepared in a S0kg scale annealed and
cold~worked 1 a 3 wit®s sodiurn chlonide agueous solution,

(60871 Table 8 summarizes some of the experimental results of corrosion resistance

for Allov 2 and Alloy 4 n different conditions.

Alloy | Alloy Condition EpirEoep (mVY v. 8CE) Leorr (nA/em?)
1)
AT Alloy 2 Lab scale, anncaled 391 £+ 18 32418
AT Alloy 2 Lab scale, cold-worked 435 =5 42+£19
Bi Allov 4 Lab scale, anncaled 378 £ 16 2548
Bi Allov 4 Lab scale, cold-worked 406 & 16 1443

Example 6
[0088] An alloy within the target range of Alloy | (1e, A4 alioy} was prepared.
FIG. 17 shows the longuudinal and transverse bend angles of Alloy 1 according to some

examples in comparison to Type 301 stainless steel. As shown i FIG. 17, the longitudinal
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bend angle of Alloy 1 1s about 84°, the transverse bend angle of Alloy 1 1s about 122°, while
the longitudinal bend angle for Type 301 alloy is about 64°, and the transverse bend angle for
Type 301 allov is about 1097, Both the longitudinal bend angle and the transverse bend angle
of Alloy 1 are larger than the Type 301 alloy, which shows that the Alloy 1 15 more ductile

than Type 301 alloy.

Example 7

[0089] An alloy within the target range of A4 alloy was prepared at a 170 metric
ton scale. The alloy was formed by casting the alloy, then machining the alloy, then hot rolling
the alloy, and then annealing and pickling the alloy. The alloy was then annealed and pickled,
and was tested after a subsequent cold rolling of the alloy.

[0090] FIG. 18 shows the stress-strain experimental results for A4 alloy prepared
in a 170 metric ton scale cold-worked in longitudinal direction, transverse direction, and 45°
from the longitudinal direction. The stress-strain curve in a longitudinal direction 1s measured
when a stress 15 applied n a direction parallel to the rolling direction of the alloy. The stress-
strain curve in a tfransverse direction 13 measured when a stress 15 applied n a direction
perpendicular to the rolling direction of the alloy.

[0091] While certain embodiments have been described, these embodiments have
been presented by way of example only, and are not mtended to bt the scope of the
disclosure. Indeed, the novel methods and systems described herein may be embodied n a
variety of other forms. Furthermore, various omissions, substifutions and changes m the
systems and methods described herein may be made without departing from the spinit of the
disclosure. The accompanying claims and their equivalents are mntended to cover such forms
or modifications as would fall within the scope and spinit of the disclosure,

(6092} Features, materials, characteristics, or groups described 1o conjunction with
a particular aspect, embodiment, or example are to be understood to be applicable to any other
aspect, embodiment or example described in this section or elsewhere 1 this specification
unless mncompatible therewith. All of the features disclosed in this specification {including
any accompanying claims, abstract and drawings}, and/or all of the steps of any method or

process so disclosed, may be combined in any combination, except combinations where at least
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some of such features and/or steps are mutually exclusive. The protection s not restricted to
the details of any foregomg embodiments. The protection extends {o any novel one, or any
novel combination, of the features disclosed in this specification (including any accompanying
claims, abstract and drawings}, or o any novel one, or any novel combination, of the steps of
any method or process so disclosed.

[0093] Furthermore, certain features that are described n this disclosure mn the
context of separate implementations can also be implemented in combination in a single
implementation.  Conversely, various features that are described in the context of a single
implementation can also be implemented i multiple implementations separately or n any
suitable subcombination. Moreover, although features may be described above as acting in
certain combinations, one or more features from a claimed combination can, in some cases, be
excised from the combination, and the combination may be claimed as a subcombination or
variation of a subcombination.

[0094] Moreover, while operations may be depicted in the drawings or described
n the specification in a particular order, such operations need not be performed i the particular
order shown or i sequential order, or that all operations be performed, to achieve desirable
resulis. Other operations that are not depicted or described can be incorporated 1o the example
rethods and processes. For example, one or more additional operations can be performed
before, after, simultanecusly, or between any of the described operations.  Further, the
operations may be rearranged or reordered in other implementations. Those skilled in the arnt
will appreciate that i some embodiments, the actual steps taken in the processes illustrated
and/or disclosed may differ from those shown 1o the figures. Depending on the embodiment,
certain of the steps described above may be removed, others may be added. Furthermore, the
features and atiributes of the specific embodiments disclosed above may be combined m
different ways to form additional embodiments, alt of which fall within the scope of the present
disclosure.  Also, the separation of varigus system components m the muplementations
described above should not be understood as requuring such separation in all implementations,
and it should be understood that the described components and systems can generally be
integrated together in a single product or packaged into multiple products. For example, any

of the components for an energy storage system described herein can be provided separately,
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or integrated together {e.g., packaged together, or attached together) to form an energy storage
system.

[6095] For purposes of this disclosure, certain aspects, advantages, and novel
features are described herein. Not necessarily all such advantages may be achieved in
accordance with any particular embodiment. Thus, for example, those skilled in the art will
recognize that the disclosure may be embodied or carried out in a manner that achieves one
advantage or a group of advaniages as taught herein without necessanly achieving other

advantages as may be taught or suggested herein.

39 <& 29 ¢

0096} Conditional language, such as “can,” “could,” “might,” or “may.” unless
specifically stated otherwise, or otherwise understood within the context as used, is generally
intended to convey that certain embodiments include, while other embodiments do not include,
certain features, elements, and/or steps. Thus, such conditional language 1s not generally
intended to imply that features, elements, and/or steps are in any way required for one or more
embodiments or that one or more embodiments necessarily include logic for deciding, with or
without user input or prompting, whether these features, elements, and/or steps are included or
are to be performed in any particular embodiment.

(060971 Comgunctive language such as the phrase “at least one of X, Y, and 4.7
unless specifically stated otherwise, 15 otherwise understood with the context as used 1o general
to convey that an item, term, etc. may be either X, Y, or Z. Thus, such conjunctive language
is not generally intended to imply that certain embodiments require the presence of at least one
of X, atleastone of Y, and at least one of 2.

[609§] Language of degree used herein, such as the terms “approximately,”
“about,” “generally,” and “substantially” as used heremn represent a value, amount, or
characteristic close to the stated value, amount, or characteristic that still performs a desired
function or achieves a desired result. For example, the terms “approximately,” “about,”
“generally,” and “substantially” may refer to an amount that 1s within less than 10% of, within
less than 5% of, within less than 1% of, within less than 0.1% of, and within less than 0.01%
of the stated amount, depending on the desired function or desired result.

[0099] The scope of the present disclosure is not intended to be limited by the
specific disclosures of preferred embodiments in this section or elsewhere in this specification,

and may be defined by claims as presented in this section or elsewhere in this specification or
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as presented in the future. The language of the claims 1s to be nterpreted broadly based on the
language employed in the claims and not limited {0 the examples described in the present
specification or during the prosecution of the application, which examples are to be construed
as non-exclusive.

6180} The headings provided herein, if any, are for conventence only and do not

necessarily affect the scope or meaning of the devices and methods disclosed herein.
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WHAT IS CLAIMED IS:

I A steel alloy composition, comprising:
Fe;
a hardness is at least about 400 HV; and
an Epi-Eoep corrosion resistance of at least about 500 mV in a 3 wit% sodium
chioride agueous solution.
2. The compostiion of Claim 1, wherein the hardness 15 about 420 HV to about
SOOHV.
3 The composition of Claim 1 or Claim 2, wherein the Epi-Fogp corrosion
resistance is about 520 mV to about 800 mV.
4, The composition of any one of Claims 1 to 3, further comprising a yield strength
of at least about 1100 MPa.
3. The composition of any one of Claims 1 to 4, further comprising a ductility of
at least about 60° bend angle at 1.6 mm thickness.
6. The composition of any one of Clawms 1 to 5, wherein martensite formation
begins at about 260 K to about 340 K.
7. The composition of any one of Claims 1 to 6, further comprising at least about
12 vol% martensite.
8. The composition of any one of Claims 1 to 7, further comprising a vield strength
of at least about 1200 MPa.
9. The composttion of any one of Claims 1 to 8, further comprising:
Cr 1518 wt %,
Ni: 4-8 wt.%;
Mn: 1.5-6 wt.%; and
Fe: Bal
10. The composition of Claims 9, {further comprising:
N: at most about 0.25 wt.%.
il The composition of Claim 9 or Claim 10, further comprising:
Mo: at most about 2 wt.%.
12, The composition of any one of Claims 9 to 11, further comprising;

C: at most about 0.03 wt.%;
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St: at most about 0.75 wi%:;

P at most about 0.045 wit.%; and

S: at most about 0.03 wt.%.

13. The composttion of any one of Claims 9 to 12, further comprising;

Cu: at most about 0.5 wi%;

Co: at most about 0.8 wt.%;

Al at most about 0.03 wi %;

T1: at most about 0.03 wt.%,; and

B: at most about 0.05 wt %.

14, The composition of Claim 13, further comprising at most about 0.05 wt % of
each of at least one additional element, and a total of at most about 0.15 wt.% of the at least
one additional element.

15 A process for preparing an alloy, comprising:

casting a steel alloy comprising Fe;

performing a processing step on the steel alloy selected from the group
consisting of hot-working, annealing, pickling and combinations thereof to form a
processed steel alloy; and

cold working the processed steel alloy to form a cold worked steel alloy with a
hardness 15 at least about 400 HV and an Epic-Focp corrosion resistance of at least about

500 mV m a 3 wit% sodium chlorde aqueous solution.

16. The process of Claim 15, wheren the processed steel alioy s cold-worked to 3
thickness reduction of at least about 30%.

17. The process of Clamm 15 or Clamm 16, wherein the cold worked steel has a
thickness of about 0.01 mm to about 4 mm.

13. The process of any one of Claims 15 to 17, further comprises machming the
cold worked steel.

19. The process of any one of Claims 15 to 18, wherein hot-working 1s performed
prior to annealing the steel alloy.

20, The process of any one of Claims 15 to 19, wherein annealing is performed

prior to hot-working the steel alloy.
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21 The process of any one of Claims 15 to 20, wherein processing the steel alloy

is performed prior to cold-working the steel alloy the processed steel alloy.

22, A vehicle comprising a vehicle body comprising the composition of clamm 1.
23. The vehicle of Claim 22, wherein the vehicle body comprises an exterior

vehicle body, and the exterior vehicle body comprises the steel alloy.

24, The vehicle of Claim 22 or Claim 23, wherein the steel alloy is uncoated.

25. The vehicle of any one of Claims 22 to 24, wherein a corrosion protective agent
is not disposed over the steel alloy.

26. The vehicle of Claim 25, wherein the corrosion protective agent is paint.

27. The vehicle of any one of Claims 22 to 26, wherein the vehicle 15 an electric

vehicle comprising an electric motor.
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