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( 57 ) ABSTRACT 
This disclosure is directed at mechanical property improve 
ment in a metallic alloy that has undergone one or more 
mechanical property losses as a consequence of forming an 
edge , such as in the formation of an internal hole or an 
external edge . Methods are disclosed that provide the ability 
to improve mechanical properties of metallic alloys that 
have been formed with one or more edges placed in the 
metallic alloy by a variety of methods which may otherwise 
serve as a limiting factor for industrial applications . 



Patent Application Publication Aug. 5 , 2021 Sheet 1 of 88 US 2021/0238703 A1 

Step 2 
Structure # 1 

Modal Structure 
Matrix Grains : 2 um to 10,000 

At thicknesses 
Heater than or 

equal to 2.0 mm to 
500 mn or forined 
at cooling rates of 
less than or equal 

to 250 k / s 

Mechanism # 1 
Dynamic Nanophase 

Refinement 
Heat treat to 700 ° C but 

less than Tm @ strain rates 
of 10 to 10 ( thickness 

reduction ) 

Precipitates 0.01 um to 5.0 pm 
Yield Stress 144 MPa - 514 MPa 
Ultimate Tensile Strength 411 

MPa- 907 MPa 
Elongation 3,7-24.4 % 

Step 1 Homogenized 
Modal Structure 
Structure 1a 

Structure # 2 
Nanomodal Structure 

Gamma - fe and / or Alpha Fe 
Grain Size 1.0 um to 100 um 

Precipitations : 10m to 200 nm 
Yield Stress 264 MPa - 574 MPa 
Ultimate Tensile Strength 927 

MPa - 1413 MPa 
Elongation 12.0-77.7 % 

Mechanism # 2 
Dynamic Nanophase 

Strengthening 
Exposure to Mechanical 

Stress 
Step 4 

Step 3 
Structure # 3 

High Strength Nanomodal 
Structure 

Matrix Grains : 25 130 to 50 um 
Precipitations : 1 nm to 200 nm 
Ultimate Tensile Strength : 1356 

MPa 10 1831 MPa 
Elongation : 1.6 % to 32.8 % 

Yield Stress : 718 MPa to 1645 
MPa 

Thickness : 0.2 mm to 25 mm 

Step 5 



Patent Application Publication Aug. 5 , 2021 Sheet 2 of 88 US 2021/0238703 A1 

Structure # 3 
High Strength Nanomoda ) Structure 

Precipitations : nm to 200 nm 

Elongation : 16 % to 32.8 % 

Mechanism # 3 

Refined High Strength Nanomodal 

Elongation : 1.6-32.8 % 
Recrystallized Modal Structure 

Elongation 6.8-86.7 % 

Exposure to Mechanical 
Stress abovo yield 



Patent Application Publication Aug. 5 , 2021 Sheet 3 of 88 US 2021/0238703 A1 

Structure # 1 Mechanism # 1 
Modal Structure 

( Slab ) 
Nanophase Rollinement 

( Hot Rolling ) 

Structure * 2 Structure # 1 
Vanomodal Structure 

( Hot Band Coil ) [ Homogenize Modal Structure ( Transfer Bar ) 

Mechanism # 2 
Dynamic Nanophase Strengthening 

( Cold Rolling ) 
Recrystallized Nodat structure 

( Cold Rolled / Annealed Coil ) 

Structura 3 
High Strength Nanokodai Structure 
( 1/4 , 1/2 , 3/4 Hard IG Coil 

Mechanism # 4 
Nanophase Kofinement Strongthon 

( Cold Rolling / Stamping ) hacrystallization 
Structure # 5 

( Annealing ) 
Refined High Strength Naromodal Structure 
( Hard FG Coil / Finished Part ) 

FIG , 2 



Patent Application Publication Aug. 5 , 2021 Sheet 4 of 88 US 2021/0238703 A1 

a ) 

b ) 

FIG . 3 



Patent Application Publication Aug. 5 , 2021 Sheet 5 of 88 US 2021/0238703 A1 

a ) 

b ) 

FIG . 4 

a ) 

b ) 



Patent Application Publication Aug. 5 , 2021 Sheet 6 of 88 US 2021/0238703 A1 

b ) 

w 



Patent Application Publication Aug. 5 , 2021 Sheet 7 of 88 US 2021 / 0238703A1 

1,2007 a ) 

Intensity ???????? 200 ??? ??? 
} 50 

1.2007 b ) 

Intensity 
?? 

X90000 

2004 

TWO - Theta 



Patent Application Publication Aug. 5 , 2021 Sheet 8 of 88 US 2021/0238703 A1 

a ) 

200 nm 

FIG . 8 



Patent Application Publication Aug. 5 , 2021 Sheet 9 of 88 US 2021 / 0238703A1 

a ) 

Intensity = 
. 

b ) 

??????? 80 

FIG.9 



Patent Application Publication Aug. 5 , 2021 Sheet 10 of 88 US 2021/0238703 A1 

a ) 

b ) 

200 nm 

FIG , 10 



Patent Application Publication Aug. 5 , 2021 Sheet 11 of 88 US 2021/0238703 A1 

a ) w wa 
b ) 

600 



Patent Application Publication Aug. 5 , 2021 Sheet 12 of 88 US 2021/0238703 A1 

a ) 

b ) 

***** 

FIG . 12 



Patent Application Publication Aug. 5 , 2021 Sheet 13 of 88 US 2021/0238703 A1 

b ) ) 

2 



Patent Application Publication Aug. 5 , 2021 Sheet 14 of 88 US 2021 / 0238703A1 

- Intensity 
50 80 

b ) 

???????? de 
90 

?? . 



Patent Application Publication Aug. 5 , 2021 Sheet 15 of 88 US 2021/0238703 A1 

a ) 

b ) 

* 

FIG . 15 



Patent Application Publication Aug. 5 , 2021 Sheet 16 of 88 US 2021/0238703 A1 

a ) 

W000 

b ) 

FIG . 16 



Patent Application Publication Aug. 5 , 2021 Sheet 17 of 88 US 2021 / 0238703A1 

- 
??? 

50 

1,800 b ) 

400 

FIG . 17 



Patent Application Publication Aug. 5 , 2021 Sheet 18 of 88 US 2021/0238703 A1 

w 

FIG . 18 



Patent Application Publication Aug. 5 , 2021 Sheet 19 of 88 US 2021 / 0238703A1 

a } 303 ????? 
??? 

$ 0 

......... 

30 

FIG . 19 



Patent Application Publication Aug. 5 , 2021 Sheet 20 of 88 US 2021/0238703 A1 

a ) 

10 um 

FIG . 20 



Patent Application Publication Aug. 5 , 2021 Sheet 21 of 88 US 2021 / 0238703A1 

???? ????? ????? ?? ???? 

) 

?? 
{ { . 



Patent Application Publication Aug. 5 , 2021 Sheet 22 of 88 US 2021/0238703 A1 

al 

FIG . 22 



Patent Application Publication Aug. 5 , 2021 Sheet 23 of 88 US 2021 / 0238703A1 

?????? ????? ??????? 
????? ????????? 

3.3 



Patent Application Publication Aug. 5 , 2021 Sheet 24 of 88 US 2021/0238703 A1 

a ) 

b ) 

FIG . 24 



Patent Application Publication Aug. 5 , 2021 Sheet 25 of 88 US 2021/0238703 A1 

a 

b ) 

A 

FIG . 25 



Patent Application Publication Aug. 5 , 2021 Sheet 26 of 88 US 2021 / 0238703A1 

6004 a ) 

????? Os 

6001 

Intensity ???????????? 
FIG . 26 



Patent Application Publication Aug. 5 , 2021 Sheet 27 of 88 US 2021/0238703 A1 

10 um 

FIG . 27 



Patent Application Publication Aug. 5 , 2021 Sheet 28 of 88 US 2021 / 0238703A1 

Intensity ???????? ????????? 

?????? ul ?? 
. 



Patent Application Publication Aug. 5 , 2021 Sheet 29 of 88 US 2021/0238703 A1 

1600 

Tensile Strength ( MPa ) 

$ 850 ° C 10 Min Anneal 

0 

50 70 

Tensile Elongation ( % ) 

FIG . 29 



Patent Application Publication Aug. 5 , 2021 Sheet 30 of 88 US 2021/0238703 A1 

1800 

Tensile Strength ( MPa ) 
1000 

Á 850 ° C 10 Min Annea 
0 

Tensile Elongation ( % ) 

FIG . 30 



Patent Application Publication Aug. 5 , 2021 Sheet 31 of 88 US 2021/0238703 A1 

2000 

1800 

Tensile Strength ( MPa ) 

0 20 80 

Tensile Elongation ( % ) 



Patent Application Publication Aug. 5 , 2021 Sheet 32 of 88 US 2021/0238703 A1 

a ) 

Tensile Strength ( MPa ) 

10 $ 0 70 
Tensile Elongation ( % ) 

b ) 

1200 

Tensile Strength ( MPa ) 

Second sie 

Tensile Elongation ( % ) 

FIG . 32 



Patent Application Publication Aug. 5 , 2021 Sheet 33 of 88 US 2021/0238703 A1 

HA 

O O ***** 

FIG . 33 

a ) 

b ) 

All 

FIG . 34 



Patent Application Publication Aug. 5 , 2021 Sheet 34 of 88 US 2021/0238703 A1 

a ) 

Tensile Strength ( MPa ) 
0 % 

500 

Oger Symbols : punched Edge 

Bio 12 

70 
Tensite Elongation ( % ) 

b ) 

Afoy 12 Engineering Stress ( MPa ) 

Engineering Strain ( % ) 



Patent Application Publication Aug. 5 , 2021 Sheet 35 of 88 US 2021/0238703 A1 

a ) 

b ) Shear Zone 

Fracture Zone 

ooooo 

FIG . 36 



Patent Application Publication Aug. 5 , 2021 Sheet 36 of 88 US 2021/0238703 A1 

a ) 

b ) 

FIG . 37 



Patent Application Publication Aug. 5 , 2021 Sheet 37 of 88 US 2021/0238703 A1 

Tensile Strength ( MPa ) 
600 

Alloy 1 , Punched 

Alloy 1 , Punched & Recovered 

Tensile Elongation ( % ) 

FIG . 38 



Patent Application Publication Aug. 5 , 2021 Sheet 38 of 88 US 2021/0238703 A1 

Engineering Stress ( MPa ) 

0 
10 20 30 SO 

Engineering Strain ( % ) 

FIG . 39 



Patent Application Publication Aug. 5 , 2021 Sheet 39 of 88 US 2021/0238703 A1 

a ) 

Engineering Stress ( MPa ) 

30 
Engineering Strain ( % ) 

b ) 

.. *** 

Yield Stress ( MPa ) 

Annealing Temperature ( 60 ) 



Patent Application Publication Aug. 5 , 2021 Sheet 40 of 88 US 2021/0238703 A1 

a ) b ) 

00000000 

200 m 

FIG . 41 

b ) 

000000 

FIG . 42 



Patent Application Publication Aug. 5 , 2021 Sheet 41 of 88 US 2021/0238703 A1 

a ) 

200 37033 

FIG . 43 

a ) b 1 

2009 

FIG . 44 



Patent Application Publication Aug. 5 , 2021 Sheet 42 of 88 US 2021/0238703 A1 

a ) b ) 

WOO 

FIG . 45 . 



Patent Application Publication Aug. 5 , 2021 Sheet 43 of 88 US 2021/0238703 A1 

Tm TTT Diagram 

Recrystallization 
B Temperature Recovery 

Time 

FIG . 46 



Patent Application Publication Aug. 5 , 2021 Sheet 44 of 88 US 2021/0238703 A1 

a ) 

Tensile Strength ( MPa ) 

** S0YCX5983 

Tensile Elongation ( % ) 

b ) 

Tensile Strength ( MPa 
Q punct 

+ 600 ° C . Annea 

Hot Awealth 
0 ******* 

Tensite Elongation { * } 

c ) 

( edw } \ usus ajisual 
600 

* & SO'Conezi 

# 730 ° C assai 

8 60 
Tensile Elongation ( % ) 

FIG . 47 



Patent Application Publication Aug. 5 , 2021 Sheet 45 of 88 US 2021/0238703 A1 

Shear Affected Zone 

Sample for structural analysis 

FIG . 48 



Patent Application Publication Aug. 5 , 2021 Sheet 46 of 88 US 2021/0238703 A1 

om b ) 
b ) 

w 

- 



Patent Application Publication Aug. 5 , 2021 Sheet 47 of 88 US 2021/0238703 A1 

5 ***** 

13 : 

www wwwwwww 

FIG . 50 



Patent Application Publication Aug. 5 , 2021 Sheet 48 of 88 US 2021/0238703 A1 

WW 



Patent Application Publication Aug. 5 , 2021 Sheet 49 of 88 US 2021/0238703 A1 

a ) 

? ?? ? 

100 
Powód w do W222 mm 
Aries at Spain reme 
* Casa si Keduced Sacr . 1282395183 

Tensile Elongation ( % ) 

b ) 

Tensile Strength ( MPa 
di Pus20804 S $ 228xmi's 

** 

Tensile Elongation ( % ) 

c ) 

Tensile Strength ( MP3 ) 

* Proshod * indi Spee : 228 

Ooxconducu Saa 1282 

Tensile Elongation ( % ) 
FIG . 52 



Patent Application Publication Aug. 5 , 2021 Sheet 50 of 88 US 2021/0238703 A1 

80 
73.6 % 

de 70 

60 

50 
Hole Expansion Ratio ( % ) 

40 

5.1 % 

Punched Hole Milled Hole 

FIG . 53 



Patent Application Publication Aug. 5 , 2021 Sheet 51 of 88 US 2021/0238703 A1 

Microhardness 
This cut Surface ( center ) 

25 mm 
Pintu 3.50mm 

FIG . 54 

I 
WW 7 
+++ DRAWING NOT 

TO SCALEI 
* Wul 

WWZI 
ACTUAL DISTANCE 

BETWEEN MEASURENTS 
IS SIGNIFICANTLY SMALLER 

WW 80 

FIG . 55 



Patent Application Publication Aug. 5 , 2021 Sheet 52 of 88 US 2021/0238703 A1 

b ) 

100 um 

FIG . 56 



Patent Application Publication Aug. 5 , 2021 Sheet 53 of 88 US 2021/0238703 A1 

Vickers Hardness 
M 

me Fully Annealed 
in Punched Hole 

0 6000 
Distance from Cut Edge ( microns ) 

FIG . 57 



Patent Application Publication Aug. 5 , 2021 Sheet 54 of 88 US 2021/0238703 A1 

700 

600 

500 500 Milled Hole 
TEM sample 

locations 400 

Vickers Hardness 
Punched Hole 200 

100 

0 

1000 2000 3000 4000 S000 

Distance from Hole Edge ( microns ) 

FIG . 58 



Patent Application Publication Aug. 5 , 2021 Sheet 55 of 88 US 2021/0238703 A1 

FIG , 59 



Patent Application Publication Aug. 5 , 2021 Sheet 56 of 88 US 2021/0238703 A1 

a ) 

b ) 

FIG . 60 



Patent Application Publication Aug. 5 , 2021 Sheet 57 of 88 US 2021/0238703 A1 

a ) 

b ) 



Patent Application Publication Aug. 5 , 2021 Sheet 58 of 88 US 2021/0238703 A1 

a ) 

b ) 

9.56 pm 

FIG . 62 



Patent Application Publication Aug. 5 , 2021 Sheet 59 of 88 US 2021/0238703 A1 

100 nm 

FIG . 63 



Patent Application Publication Aug. 5 , 2021 Sheet 60 of 88 US 2021/0238703 A1 

O Without Annealing With Annealing 
-YYYY YVVVVVV 

80 

Hole Expansion Ratio ( % ) 
60 

00 

20 

FIG . 64 



Patent Application Publication Aug. 5 , 2021 Sheet 61 of 88 US 2021/0238703 A1 

O Without Annealing O With Annealing 

80 

Hole Expansion Ratio ( % ) 
60 

XX 

20 

FIG , 65 



Patent Application Publication Aug. 5 , 2021 Sheet 62 of 88 US 2021/0238703 A1 

120 
O Without Annealing With Annealing 

Hole Expansion Ratio ( % ) 

20 ............. 

FIG . 66 



Patent Application Publication Aug. 5 , 2021 Sheet 63 of 88 US 2021/0238703 A1 

120 
O Without Annealing With Annealing 

Hole Expansion Ratio ( % ) 
60 

10 

view 

FIG . 67 



Patent Application Publication Aug. 5 , 2021 Sheet 64 of 88 US 2021/0238703 A1 

120 
O Without Annealing With Annealing 

80 

Hole Expansion Ratio ( % ) 

40 

FIG . 68 



Patent Application Publication Aug. 5 , 2021 Sheet 65 of 88 US 2021/0238703 A1 

10 

???? Tensile Strength ( MPa ) 

Punched 

* Punched Then Annealed 

60 

Tensile Elongation ( % ) 

FIG . 69 



Patent Application Publication Aug. 5 , 2021 Sheet 66 of 88 US 2021/0238703 A1 

80 

Hole Expansion Ratio ( % ) 
50 

.. 
. . 

:: 

FIG . 70 



Patent Application Publication Aug. 5 , 2021 Sheet 67 of 88 US 2021/0238703 A1 

45 

Hole Expansion Ratio ( % ) 
25 

???? , 

0 

Punch Speed ( mm / s ) 

FIG . 71 



Patent Application Publication Aug. 5 , 2021 Sheet 68 of 88 US 2021/0238703 A1 

45 

Hole Expansion Ratio ( % ) 
25 

Punch Speed ( mm / s ) 

FIG . 72 



Patent Application Publication Aug. 5 , 2021 Sheet 69 of 88 US 2021/0238703 A1 

45 

35 

Hole Expansion Ratio ( % ) 

5 

35 175 

Punch Speed ( mm / s ) 

FIG . 73 



Patent Application Publication Aug. 5 , 2021 Sheet 70 of 88 US 2021/0238703 A1 

25 

20 
Hole Expansion Ratio ( % ) 

hone 

25 75 125 150 

Punch Speed ( mm / s ) 

FIG . 74 



Patent Application Publication Aug. 5 , 2021 Sheet 71 of 88 US 2021/0238703 A1 

waar 00413 

FIG . 75 



Patent Application Publication Aug. 5 , 2021 Sheet 72 of 88 US 2021/0238703 A1 

28 mm / s 114 mm / s 228 mm / s 
60 

10 Hole Expansion Ratio ( % ) 

30 

20 wu 

6 ° Taper no Conical Conical Flat 

FIG . 76 



Patent Application Publication Aug. 5 , 2021 Sheet 73 of 88 US 2021/0238703 A1 

70 

0 28 mm / s 114 mm / s 228 mm / s 

50 

40 Hole Expansion Ratio ( % ) 

6 * Taper po Conical 



Patent Application Publication Aug. 5 , 2021 Sheet 74 of 88 US 2021/0238703 A1 

O 28 mm / s 114 mm / s D 228 mm / s 
60 

10 Hole Expansion Ratio ( % ) 

20 wu 

6 ° Taper no Conical Conical Flat 

FIG . 78 



Patent Application Publication Aug. 5 , 2021 Sheet 75 of 88 US 2021/0238703 A1 

70 

228 mm / s 

50 

40 Hole Expansion Ratio ( % ) 

mongo Conical 

FIG . 79 



Patent Application Publication Aug. 5 , 2021 Sheet 76 of 88 US 2021/0238703 A1 

80 

780 Grade 
-980 Grade 
1180 Grade 

50 Hole Expansion Ratio ( % ) 

0 

Punch Speed ( mm / s ) 

FIG , 80 



Patent Application Publication Aug. 5 , 2021 Sheet 77 of 88 US 2021/0238703 A1 

Hole Expansion Ratio ( % ) 

*** . 5 *** 

* Alloy 3 

Post Uniform Elongation ( % ) 

FIG . 81 



Patent Application Publication Aug. 5 , 2021 Sheet 78 of 88 US 2021/0238703 A1 

Mole Expansion Ratio ( % ) 

10 

Hole Expansion Speed ( mm / min ) 

FIG . 82 



Patent Application Publication Aug. 5 , 2021 Sheet 79 of 88 US 2021/0238703 A1 

50 

30 

w 

Hole Expansion Speed ( mm / min ) 



Patent Application Publication Aug. 5 , 2021 Sheet 80 of 88 US 2021/0238703 A1 

So 

Hole Expansion Ratio ( % ) 
30 

Hole Expansion Speed ( mm / min ) 

FIG . 84 



Patent Application Publication Aug. 5 , 2021 Sheet 81 of 88 US 2021/0238703 A1 

a ) 

c ) 

25 unt ? 10 um 

FIG . 85 



Patent Application Publication Aug. 5 , 2021 Sheet 82 of 88 US 2021/0238703 A1 

Average Hole Expansion Ratio ( 9 ) 
...... ... ' . ' . ' . ' . ' . ' . ' . 

FIG . 86 



Patent Application Publication Aug. 5 , 2021 Sheet 83 of 88 US 2021/0238703 A1 

o 

Magnetic Phases Volume % ( Fe % ) 

*** 

Distance from HER Hole ( mm ) 

FIG . 87 



Patent Application Publication Aug. 5 , 2021 Sheet 84 of 88 US 2021/0238703 A1 

160 

100 Mole Expansion Ratio ( % ) 

00 

Alloy 1 Alloy 9 Alloy 12 

FIG . 88 



Patent Application Publication Aug. 5 , 2021 Sheet 85 of 88 US 2021/0238703 A1 

a ) 10 . 

. C ) d ) 

* 

ING , 89 . 



Patent Application Publication Aug. 5 , 2021 Sheet 86 of 88 US 2021/0238703 A1 

a ) 

c ) d 

FIG . 90 



Patent Application Publication Aug. 5 , 2021 Sheet 87 of 88 US 2021/0238703 A1 

w 

3Red 

c ) 

wy RO 

* 03 XIX 328 

FIG.41 



Patent Application Publication Aug. 5 , 2021 Sheet 88 of 88 US 2021/0238703 A1 

a ) b ) 

30 pussy 

C ) d ) 

FIG . 92 



US 2021/0238703 Al Aug. 5 , 2021 
1 

EDGE FORMABILITY IN METALLIC 
ALLOYS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] This application is a continuation of U.S. patent 
application Ser . No. 16 / 522,708 , filed Jul . 26 , 2019 , which 
is a continuation of U.S. patent application Ser . No. 15/438 , 
313 filed Feb. 21 , 2017 , now U.S. Pat . No. 10,465,260 , 
which is a continuation - in - part of U.S. patent application 
Ser . No. 15 / 094,554 filed Apr. 8 , 2016 , now U.S. Pat . No. 
10,480,042 , which claims the benefit of U.S. Provisional 
Patent Application Ser . No. 62 / 146,048 filed on Apr. 10 , 
2015 and U.S. Provisional Patent Application Ser . No. 
62 / 257,070 filed on Nov. 18 , 2015 , all of which are fully 
incorporated herein by reference . 

FIELD OF INVENTION 

[ 0002 ] This disclosure relates to methods for mechanical 
property improvement in a metallic alloy that has undergone 
one or more mechanical property losses as a consequence of 
shearing , such as in the formation of a sheared edge portion 
or a punched hole . More specifically , methods are disclosed 
that provide the ability to improve mechanical properties of 
metallic alloys that have been formed with one or more 
sheared edges which may otherwise serve as a limiting 
factor for industrial applications . 

BACKGROUND 

[ 0003 ] From ancient tools to modem skyscrapers and 
automobiles , steel has driven human innovation for hun 
dreds of years . Abundant in the Earth's crust , iron and its 
associated alloys have provided humanity with solutions to 
many daunting developmental barriers . From humble begin 
nings , steel development has progressed considerably within 
the past two centuries , with new varieties of steel becoming 
available every few years . These steel alloys can be broken 
up into three classes based upon measured properties , in 
particular maximum tensile strain and tensile stress prior to 
failure . These three classes are : Low Strength Steels ( LSS ) , 
High Strength Steels ( HSS ) , and Advanced High Strength 
Steels ( AHSS ) . Low Strength Steels ( LSS ) are generally 
classified as exhibiting ultimate tensile strengths less than 
270 MPa and include such types as interstitial free and mild 
steels . High - Strength Steels ( HSS ) are classified as exhib 
iting ultimate tensile strengths from 270 to 700 MPa and 
include such types as high strength low alloy , high strength 
interstitial free and bake hardenable steels . Advanced High 
Strength Steels ( AHSS ) steels are classified by ultimate 
tensile strengths greater than 700 MPa and include such 
types as Martensitic steels ( MS ) , Dual Phase ( DP ) steels , 
Transformation Induced Plasticity ( TRIP ) steels , and Com 
plex Phase ( CP ) steels . As the strength level increases the 
trend in maximum tensile elongation ( ductility ) of the steel 
is negative , with decreasing elongation at high ultimate 
tensile strengths . For example , tensile elongation of LSS , 
HSS and AHSS ranges from 25 % to 55 % , 10 % to 45 % , and 
4 % to 30 % , respectively . 
[ 0004 ] Production of steel continues to increase , with a 
current US production around 100 million tons per year with 
an estimated value of S75 billion . Steel utilization in 
vehicles is also high , with advanced high strength steels 
( AHSS ) currently at 17 % and forecast to grow by 300 % in 

the coming years [ American Iron and Steel Institute . ( 2013 ) . 
Profile 2013. Washington , D.C. ] . With current market trends 
and governmental regulations pushing towards higher effi 
ciency in vehicles , AHSS are increasingly being pursued for 
their ability to provide high strength to mass ratio . The high 
strength of AHSS allows for a designer to reduce the 
thickness of a finished part while still maintaining compa 
rable or improved mechanical properties . In reducing the 
thickness of a part , less mass is needed to attain the same or 
better mechanical properties for the vehicle thereby improv 
ing vehicle fuel efficiency . This allows the designer to 
improve the fuel efficiency of a vehicle while not compro 
mising on safety . 
[ 0005 ] One key attribute for next generation steels is 
formability . Formability is the ability of a material to be 
made into a particular geometry without cracking , rupturing 
or otherwise undergoing failure . High formability steel 
provides benefit to a part designer by allowing for the 
creation of more complex part geometries allowing for 
reduction in weight . Formability may be further broken into 
two distinct forms : edge formability and bulk formability . 
Edge formability is the ability for an edge to be formed into 
a certain shape . Edges on materials are created through a 
variety of methods in industrial processes , including but not 
limited to punching , shearing , piercing , stamping , perforat 
ing , cutting , or cropping . Furthermore , the devices used to 
create these edges are as diverse as the methods , including 
but not limited to various types of mechanical presses , 
hydraulic presses , and / or electromagnetic presses . Depend 
ing upon the application and material undergoing the opera 
tion , the range of speeds for edge creation is also widely 
varying , with speeds as low as 0.25 mm / s and as high as 
3700 mm / s . The wide variety of edge forming methods , 
devices , and speeds results in a myriad of different edge 
conditions in use commercially today . 
[ 0006 ] Edges , being free surfaces , are dominated by 
defects such as cracks or structural changes in the sheet 
resulting from the creation of the sheet edge . These defects 
adversely affect the edge formability during forming opera 
tions , leading to a decrease in effective ductility at the edge . 
Bulk formability on the other hand is dominated by the 
intrinsic ductility , structure , and associated stress state of the 
metal during the forming operation . Bulk formability is 
affected primarily by available deformation mechanisms 
such as dislocations , twinning , and phase transformations . 
Bulk formability is maximized when these available defor 
mation mechanisms are saturated within the material , with 
improved bulk formability resulting from an increased num 
ber and availability of these mechanisms . 
[ 0007 ] Edge formability can be measured through hole 
expansion measurements , whereby a hole is made in a sheet 
and that hole is expanded by means of a conical punch . 
Previous studies have shown that conventional AHSS mate 
rials suffer from reduced edge formability compared with 
other LSS and HSS when measured by hole expansion [ M. 
S. Billur , T. Altan , “ Challenges in forming advanced high 
strength steels ” , Proceedings of New Developments in Sheet 
Metal Forming , pp . 285-304 , 2012 ] . For example , Dual 
Phase ( DP ) steels with ultimate tensile strength of 780 MPa 
achieve less than 20 % hole expansion , whereas Interstitial 
Free steels ( IF ) with ultimate tensile strength of approxi 
mately 400 MPa achieve around 100 % hole expansion ratio . 
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This reduced edge formability complicates adoption of 
AHSS in automotive applications , despite possessing desir 
able bulk formability . 

SUMMARY 

[ 0008 ] The present invention provides a cold rolled steel 
sheet product comprising Fe and at least four alloying 
elements selected from Si , Mn , B , Cr , Ni , Cu and C , wherein 
the steel sheet product includes a sheared edge , has an 
ultimate tensile strength of at least 799 MPa , a total elon 
gation of at least 6.6 percent , and a hole expansion ratio 
greater than 20 . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0009 ] 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 . 
[ 0010 ] FIG . 1A Structural pathway for the formation of 
High Strength Nanomodal Structure and associated mecha 
nisms . 
[ 0011 ] FIG . 1B_Structural pathway for the formation of 
Recrystallized Modal Structure and Refined High Strength 
Nanomodal Structure and associated mechanisms . 
[ 0012 ] FIG . 2 — Structural pathway toward developing 
Refined High Strength Nanomodal Structure which is tied to 
industrial processing steps . 
[ 0013 ] FIG . 3 — Images of laboratory cast 50 mm slabs 
from : a ) Alloy 9 and b ) Alloy 12 . 
[ 0014 ] FIG . 4Images of hot rolled sheet after laboratory 
casting from : a ) Alloy 9 and b ) Alloy 12 . 
[ 0015 ] FIG . 5- Images of cold rolled sheet after labora 
tory casting and hot rolling from : a ) Alloy 9 and b ) Alloy 12 . 
[ 0016 ] FIG . 6 Microstructure of solidified Alloy 1 cast at 
50 mm thickness : 
[ 0017 ] a ) Backscattered SEM micrograph showing the 

dendritic nature of the Modal Structure in the as - cast state , 
b ) Bright - field TEM micrograph showing the details in 
the matrix grains , c ) Bright - field TEM with selected 
electron diffraction exhibiting the ferrite phase in the 
Modal Structure . 

[ 0018 ] FIG . 7 – X - ray diffraction pattern for the Modal 
Structure in Alloy 1 alloy after solidification : a ) Experimen 
tal data , b ) Rietveld refinement analysis . 
[ 0019 ] FIG . 8 Microstructure of Alloy 1 after hot rolling 
to 1.7 mm thickness : 

[ 0020 ] a ) Backscattered SEM micrograph showing the 
homogenized and refined Nanomodal Structure , 

[ 0021 ] b ) Bright - field TEM micrograph showing the 
details in the matrix grains . 

[ 0022 ] FIG . 9 - X - ray diffraction pattern for the Nano 
modal Structure in Alloy 1 after hot rolling : a ) Experimental 
data , b ) Rietveld refinement analysis . 
[ 0023 ] FIG . 10 — Microstructure of Alloy 1 after cold 
rolling to 1.2 mm thickness : 
[ 0024 ] a ) Backscattered SEM micrograph showing the 
High Strength Nanomodal Structure after cold rolling , b ) 
Bright - field TEM micrograph showing the details in the 
matrix grains . 

[ 0025 ] FIG . 11 — X - ray diffraction pattern for the High 
Strength Nanomodal Structure in Alloy 1 after cold rolling : 
a ) Experimental data , b ) Rietveld refinement analysis . 

[ 0026 ] FIG . 12 — Bright - field TEM micrographs of micro 
structure in Alloy 1 after hot roiling , cold rolling and 
annealing at 850 ° C. , for 5 min exhibiting the Recrystallized 
Modal Structure : a ) Low magnification image , b ) High 
magnification image with selected electron diffraction pat 
tern showing crystal structure of austenite phase . 
[ 0027 ] FIG . 13 — Backscattered SEM micrographs of 
microstructure in Alloy 1 after hot rolling , cold rolling and 
annealing at 850 ° C. for 5 min exhibiting the Recrystallized 
Modal Structure : a ) Low magnification image , b ) High 
magnification image . 
[ 0028 ] FIG . 14 - X - ray diffraction pattern for the Recrys 
tallized Modal Structure in Alloy 1 after annealing : a ) 
Experimental data , b ) Rietveld refinement analysis . 
[ 0029 ] FIG . 15 - Bright - field TEM micrographs of micro 
structure in Alloy 1 showing Refined High Strength Nano 
modal Structure ( Mixed Microconstituent Structure ) formed 
after tensile deformation : a ) Large grains of untransformed 
structure and transformed “ pockets ” with refined grains ; b ) 
Refined structure within a “ pocket ” . 
[ 0030 ] FIG . 16 — Backscattered SEM micrographs of 
microstructure in Alloy 1 showing Refined High Strength 
Nanomodal Structure ( Mixed Microconstituent Structure ) : 
a ) Low magnification image , b ) High magnification image . 
[ 0031 ] FIG . 17 — X - ray diffraction pattern for Refined 
High Strength Nanomodal Structure in Alloy 1 after cold 
deformation : a ) Experimental data , b ) Rietveld refinement 
analysis . 
[ 0032 ] FIG . 18 — Microstructure of solidified Alloy 2 cast 
at 50 mm thickness : 
[ 0033 ] a ) Backscattered SEM micrograph showing the 

dendritic nature of the Modal Structure in the as - cast state , 
b ) Bright - field TEM micrograph showing the details in 
the matrix grains . 

[ 0034 ] FIG . 19 - X - ray diffraction pattern for the Modal 
Structure in Alloy 2 after solidification : a ) Experimental 
data , b ) Rietveld refinement analysis . 
[ 0035 ] FIG . 20 — Microstructure of Alloy 2 after hot roll 
ing to 1.7 mm thickness : 
[ 0036 ] a ) Backscattered SEM micrograph showing the 
homogenized and refined Nanomodal Structure , 

[ 0037 ] b ) Bright - field TEM micrograph showing the 
details in the matrix grains . 

[ 0038 ] FIG . 21 — X - ray diffraction pattern for the Nano 
modal Structure in Alloy 2 after hot rolling : a ) Experimental 
data , b ) Rietveld refinement analysis . 
[ 0039 ] FIG . 22 — Microstructure of Alloy 2 after cold 
rolling to 1.2 mm thickness : 
[ 0040 ] a ) Backscattered SEM micrograph showing the 
High Strength Nanomodal Structure after cold rolling b ) 
Bright - field TEM micrograph showing the details in the 
matrix grains . 

[ 0041 ] FIG . 23 — X - ray diffraction pattern for the High 
Strength Nanomodal Structure in Alloy 2 after cold rolling : 
a ) Experimental data , b ) Rietveld refinement analysis . 
[ 0042 ] FIG . 24 - Bright - field TEM micrographs of micro 
structure in Alloy 2 after hot rolling , cold rolling and 
annealing at 850 ° C. for 10 min exhibiting the Recrystallized 
Modal Structure : a ) Low magnification image , b ) High 
magnification image with selected electron diffraction pat 
tern showing crystal structure of austenite phase . 
[ 0043 ] FIG . 25 Backscattered SEM micrographs of 
microstructure in Alloy 2 after hot rolling , cold rolling and 
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annealing at 850 ° C. for 10 min exhibiting the Recrystallized 
Modal Structure : a ) Low magnification image , b ) High 
magnification image . 
[ 0044 ] FIG . 26 - X - ray diffraction pattern for the Recrys 
tallized Modal Structure in Alloy 2 after annealing : a ) 
Experimental data , b ) Rietveld refinement analysis . 
[ 0045 ] FIG . 27 – Microstructure in Alloy 2 showing 
Refined High Strength Nanomodal Structure ( Mixed Micro 
constituent Structure ) formed after tensile deformation : a ) 
Bright - field TEM micrographs of transformed " pockets ” 
with refined grains ; b ) Back - scattered SEM micrograph of 
the microstructure . 
[ 0046 ] FIG . 28 - X - ray diffraction pattern for Refined 
High Strength Nanomodal Structure in Alloy 2 after cold 
deformation : a ) Experimental data , b ) Rietveld refinement 
analysis . 
[ 0047 ] FIG . 29 — Tensile properties of Alloy 1 at various 
stages of laboratory processing . 
[ 0048 ] FIG . 30 — Tensile results for Alloy 13 at various 
stages of laboratory processing . 
[ 0049 ] FIG . 31 — Tensile results for Alloy 17 at various 
stages of laboratory processing . 
[ 0050 ] FIG . 32 — Tensile properties of the sheet in hot 
rolled state and after each step of cold rolling / annealing 
cycles demonstrating full property reversibility at each cycle 
in : a ) Alloy , b ) Alloy 2 . 
[ 0051 ] FIG . 33 — A bend test schematic showing a bending 
device with two supports and a former ( International Orga 
nization for Standardization , 2005 ) . 
[ 0052 ] FIG . 34 — Images of bend testing samples from 
Alloy 1 tested to 180 ° : a ) Picture of a full set of samples 
tested to 180 ° without cracking , and b ) A close - up view of 
the bend of a tested sample . 
[ 0053 ] FIG . 35a ) Tensile test results of the punched and 
EDM cut specimens from selected alloys demonstrating 
property decrease due to punched edge damage , b ) Tensile 
curves of the selected alloys for EDM cut specimens . 
[ 0054 ] FIG . 36 SEM images of the specimen edges in 
Alloy 1 after a ) EDM cutting and b ) Punching . 
[ 0055 ] FIG . 37 — SEM images of the microstructure near 
the edge in Alloy 1 : a ) EDM cut specimens and b ) Punched 
specimens . 
[ 0056 ] FIG . 38 — Tensile test results for punched speci 
mens from Alloy 1 before and after annealing demonstrating 
full property recovery from edge damage by annealing . Data 
for EDM cut specimens for the same alloy are shown for 
reference . 
[ 0057 ] FIG . 39 – Example tensile stress - strain curves for 
punched specimens from Alloy 1 with and without anneal 
ing . 
[ 0058 ] FIG . 40 — Tensile stress - strain curves illustrating 
the response of cold rolled Alloy 1 to recovery temperatures 
in the range between 400 ° C. and 850 ° C .; a ) Tensile curves , 
b ) Yield strength . 
[ 0059 ] FIG . 41 - Bright - field TEM images of cold rolled 
ALLOY 1 samples exhibiting the highly deformed and 
textured High Strength Nanomodal Structure : a ) Lower 
magnification image , b ) Higher magnification image . 
[ 0060 ] FIG . 42 - Bright - field TEM images of ALLOY 1 
samples annealed at 450 ° C. 10 min exhibiting the highly 
deformed and textured High Strength Nanomodal Structure 
with no recrystallization occurred : a ) Lower magnification 
image , b ) Higher magnification image . 

[ 0061 ] FIG . 43 — Bright - field TEM images of ALLOY 1 
samples annealed at 600 ° C. 10 min exhibiting nanoscale 
grains signaling the beginning of recrystallization : a ) Lower 
magnification image , b ) Higher magnification image . 
[ 0062 ] FIG . 44 - Bright - field TEM images of ALLOY 1 
samples annealed at 650 ° C. 10 min exhibiting larger grains 
indicating the higher extent of recrystallization : a ) Lower 
magnification image , b ) Higher magnification image . 
[ 0063 ] FIG . 45 - Bright - field TEM images of ALLOY 1 
samples annealed at 700 ° C. 10 min exhibiting recrystallized 
grains with a small fraction of untransformed area , and 
electron diffraction shows the recrystallized grains are aus 
tenite : a ) Lower magnification image , b ) Higher magnifica 
tion image . 
[ 0064 ] FIG . 46 - Model Time Temperature Transforma 
tion Diagram representing response of the steel alloys herein 
to temperature at annealing . In the heating curve labeled A , 
recovery mechanisms are activated . In the heating curve 
labeled B , both recovery and recrystallization mechanisms 
are activated . 
[ 0065 ) FIG . 47 – Tensile properties of punched specimens 
before and after annealing at different temperatures : a ) Alloy 
1 , b ) Alloy 9 , and c ) Alloy 12 . 
[ 0066 ] FIG . 48 Schematic illustration of the sample 
position for structural analysis . 
[ 0067 ] FIG . 49 — Alloy 1 punched E8 samples in the 
as - punched condition : a ) Low magnification image showing 
a triangular deformation zone at the punched edge which is 
located on the right side of the picture . Additionally close up 
areas for the subsequent micrographs are provided , b ) 
Higher magnification image showing the deformation zone , 
c ) Higher magnification image showing the recrystallized 
structure far away from the deformation zone , d ) Higher 
magnification image showing the deformed structure in the 
deformation zone . 
[ 0068 ] FIG . 50 — Alloy 1 punched E8 samples after 
annealing at 650 ° C . for 10 min : a ) Low magnification image 
showing the deformation zone at edge , punching in upright 
direction . Additionally , close up areas for the subsequent micrographs are provided : b ) Higher magnification image 
showing the deformation zone , c ) Higher magnification 
image showing the recrystallized structure far away from the 
deformation zone , d ) Higher magnification image showing 
the recovered structure in the deformation zone . 
[ 0069 ] FIG . 51 — Alloy 1 punched E8 samples after 
annealing at 700 ° C. for 10 min : a ) Low magnification image 
showing the deformation zone at edge , punching in upright 
direction . Additionally , close up areas for the subsequent micrographs are provided , b ) Higher magnification image 
showing the deformation zone , c ) Higher magnification 
image showing the recrystallized structure far away from the 
deformation zone , d ) Higher magnification image showing 
the recrystallized structure in the deformation zone . 
[ 0070 ] FIG . 52— Tensile properties for specimens 
punched at varied speeds from : a ) Alloy 1 , b ) Alloy 9 , c ) 
Alloy 12 . 
[ 0071 ] FIG . 53 — HER results for Alloy 1 in a case of 
punched vs milled hole . 
[ 0072 ] FIG . 54_Cutting plan for SEM microscopy and 
microhardness measurement samples from HER tested 
specimens . 
[ 0073 ] FIG . 55 — A schematic illustration of microhard 
ness measurement locations . 
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[ 0074 ] FIG . 56 - Microhardness measurement profile in 
Alloy 1 HER tested samples with : a ) EDM cut and b ) 
Punched holes . 
[ 0075 ] FIG . 57 — Microhardness profiles for Alloy 1 in 
various stages of processing and forming , demonstrating the 
progression of edge structure transformation during hole 
punching and expansion . 
[ 0076 ] FIG . 58 — Microhardness data for HER tested 
samples from Alloy 1 with punched and milled holes . 
Circles indicate a position of the TEM samples in respect to 
hole edge . 
[ 0077 ] FIG . 59 - Bright field TEM image of the micro 
structure in the Alloy 1 sheet sample before HER testing . 
[ 0078 ] FIG . 60 — Bright field TEM micrographs of micro 
structure in the HER test sample from Alloy 1 with punched 
hole ( HER = 5 % ) at a location of -1.5 mm from the hole 
edge : a ) main untransformed structure ; b ) “ pocket ” of par 
tially transformed structure . 
[ 0079 ] FIG . 61 - Bright field TEM micrographs of micro 
structure in the HER test sample from Alloy 1 with milled 
hole ( HER = 73.6 % ) at a location of ~ 1.5 mm from the hole 
edge in different areas : a ) & b ) . 
[ 0080 ] FIG . 62 — Focused Ion Beam ( FIB ) technique used 
for precise sampling near the edge of the punched hole in the 
Alloy 1 sample : a ) FIB technique showing the general 
sample location of the milled TEM sample , b ) Close up view 
of the cut - out TEM sample with indicated location from the 
hole edge . 
[ 0081 ] FIG . 63 — Bright field TEM micrographs of micro 
structure in the sample from Alloy 1 with a punched hole at 
a location of ~ 10 micron from the hole edge . 
[ 0082 ] FIG . 64 — Hole expansion ratio measurements for 
Alloy 1 with and without annealing of punched holes . 
[ 0083 ] FIG . 65 — Hole expansion ratio measurements for 
Alloy 9 with and without annealing of punched holes . 
[ 0084 ] FIG . 66 Hole expansion ratio measurements for 
Alloy 12 with and without annealing of punched holes . 
[ 0085 ] FIG . 67 — Hole expansion ratio measurements for 
Alloy 13 with and without annealing of punched holes . 
[ 0086 ] FIG . 68 Hole expansion ratio measurements for 
Alloy 17 with and without annealing of punched holes . 
[ 0087 ] FIG . 69 — Tensile performance of Alloy 1 tested 
with different edge conditions . Note that tensile samples 
with Punched edge condition have reduced tensile perfor 
mance when compared to tensile samples with wire EDM 
cut and punched with subsequent annealing ( 850 ° C. for 10 
minutes ) edge conditions . 
[ 0088 ] FIG . 70 Edge foil lability as measured by hole 
expansion ratio response of Alloy 1 as a function of edge 
condition . Note that holes in the Punched condition have 
lower edge formability than holes in the wire EDM cut and 
punched with subsequent annealing ( 850 ° C. for 10 minutes ) 
conditions . 
[ 0089 ] FIG . 71 — Punch speed dependence of Alloy 1 edge 
formability as a function of punch speed , measured by hole 
expansion ratio . Note the consistent increase in hole expan 
sion ratio with increasing punch speed . 
[ 0090 ] FIG . 72 — Punch speed dependence of Alloy 9 edge 
formability as a function of punch speed , measured by hole 
expansion ratio . Note the rapid increase in hole expansion 
ratio up to approximately 25 min / s punch speed followed by 
a gradual increase in hole expansion ratio . 
[ 0091 ] FIG . 73— Punch speed dependence of Alloy 12 
edge formability as a function of punch speed , measured by 

hole expansion ratio . Note the rapid increase in hole expan 
sion ratio up to approximately 25 mm / s punch speed fol 
lowed by a continued increase in hole expansion ratio with 
punch speeds of > 100 mm / s . 
[ 0092 ] FIG . 74 Punch speed dependence of commercial 
Dual Phase 980 steel edge formability measured by hole 
expansion ratio . Note the hole expansion ratio is consistently 
21 % with 13 % variance for commercial Dual Phase 980 
steel at all punch speeds tested . 
[ 0093 ] FIG . 75 — Schematic drawings of non - flat punch 
geometries : 6 ° taper ( left ) , 7 ° conical ( center ) , and conical 
flat ( right ) . All dimensions are in millimeters . 
[ 0094 ] FIG . 76 — Punch geometry effect on Alloy 1 at 28 
min / s , 114 mm / s , and 228 mm / s punch speed . Note that for 
the Alloy 1 , the effect of punch geometry diminishes at 228 
mm / s punch speed . 
[ 0095 ] FIG . 77 – Punch geometry effect on Alloy 9 at 28 
mm / s , 114 mm / s , and 228 min / s punch speeds . Note that the 
7 ° conical punch and the conical flat punch result in the 
highest hole expansion ratio . 
[ 0096 ] FIG . 78 Punch geometry effect on Alloy 12 at 28 
mm / s , 114 mm / s , and 228 min / s punch speed . Note that the 
7 ° conical punch results at 228 mm / s punch speed in the 
highest hole expansion ratio measured for all alloys . 
[ 0097 ] FIG . 79 — Punch geometry effect on Alloy 1 at 228 
mm / s punch speed . Note that all punch geometries result in 
nearly equal hole expansion ratios of approximately 21 % . 
[ 0098 ] FIG . 80 — Hole punch speed dependence of com 
mercial steel grades edge formability measured by hole 
expansion ratio . 
[ 0099 ] FIG . 81 — The post uniform elongation and hole 
expansion ratio correlation as predicted by [ Paul S. K. , 3 
Mater Eng Perform 2014 ; 23 : 3610 . ] with data for selected 
commercial steel grades from the same paper along with 
Alloy 1 and Alloy 9 data . 
[ 0100 ] FIG . 82 — The measured hole expansion ratio in 
samples from Alloy 1 as a function of hole expansion speed . 
[ 0101 ] FIG . 83 — The measured hole expansion ratio in 
samples from Alloy 9 as a function of hole expansion speed . 
[ 0102 ] FIG . 84 — The measured hole expansion ratio in 
samples from Alloy 12 as a function of hole expansion 
speed . 
[ 0103 ] FIG . 85 — Images of the microstructure in the sheet 
from Alloy 9 ; a ) SEM image of the microstructure , b ) Higher 
magnification SEM image of the microstructure , c ) Optical 
image of the etched surface , and d ) Higher magnification 
optical image of the etched surface . 
[ 0104 ] FIG . 86 — The measured hole expansion ratio as a 
function of hole punching speed and hole expansion speed 
for sheet of Alloy 9 . 
[ 0105 ] FIG . 87 — The average magnetic phases volume 
percent ( Fe % ) in the HER tested samples with different hole 
punching speed and hole expansion speed as a function of 
the distance from the hole edge . 
[ 0106 ] FIG . 88 — The measured hole expansion ratio in 
samples from Alloy 1 , Alloy 9 , and Alloy 12 as a function 
of hole preparation method . 
[ 0107 ] FIG . 89 — SEM images at low magnification of the 
cross section near the hole edge in the Alloy 1 samples with 
holes prepared by different methods prior to expansion ; a ) 
Punched hole , b ) EDM cut hole , c ) Milled hole , and d ) Laser 
cut hole . 
[ 0108 ] FIG . 90 — SEM images at high magnification of the 
cross section near the hole edge in the Alloy 1 samples with 
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holes prepared by different methods prior to expanding at 
high magnification ; a ) Punched hole , b ) EDM cut hole , c ) 
Milled hole , and d ) Laser cut hole . 
[ 0109 ] FIG.91 SEM images at low magnification of the 
cross section near the hole edge in the Alloy 1 samples with 
holes prepared by different methods after expansion during 
HER testing ; a ) Punched hole , b ) EDM cut hole , c ) Milled 
hole , and d ) Laser cut hole . 
[ 0110 ] FIG . 92 — SEM images of sample cross sections 
near the hole edge after HER testing ( i.e. after expansion 
until failure by cracking ) are provided at higher magnifica 
tion for samples from 
[ 0111 ] Alloy 1 with holes prepared by different methods ; 
a ) Punched hole , b ) EDM cut hole , c ) Milled hole , and d ) 
Laser cut hole . 

DETAILED DESCRIPTION 

Structures And Mechanisms 

[ 0112 ] The steel alloys herein undergo a unique pathway 
of structural formation through specific mechanisms as 
illustrated in FIG . 1A and FIG . 1B . Initial structure forma 
tion begins with melting the alloy and cooling and solidi 
fying and forming an alloy with Modal Structure ( Structure 
# 1 , FIG . 1A ) . The Modal Structure exhibits a primarily 
austenitic matrix ( gamma - Fe ) which may contain , depend 
ing on the specific alloy chemistry , ferrite grains ( alpha - Fe ) , 
martensite , and precipitates including borides ( if boron is 
present ) and / or carbides ( if carbon is present ) . The grain size 
of the Modal Structure will depend on alloy chemistry and 
the solidification conditions . For example , thicker as - cast 
structures ( e.g. thickness of greater than or equal to 2.0 mm ) 
result in relatively slower cooling rate ( e.g. a cooling rate of 
less than or equal to 250 K / s ) and relatively larger matrix 
grain size . Thickness may therefore preferably be in the 
range of 2.0 to 500 mm . The Modal Structure preferably 
exhibits an austenitic matrix ( gamma - Fe ) with grain size 
and / or dendrite length from 2 to 10,000 um and precipitates 
at a size of 0.01 to 5.0 um in laboratory casting . Matrix grain 
size and precipitate size might be larger , up to a factor of 10 
at commercial production depending on alloy chemistry , 
starting casting thickness and specific processing param 
eters . Steel alloys herein with the Modal Structure , depend 
ing on starting thickness size and the specific alloy chem 
istry typically exhibits the following tensile properties , yield 
strength from 144 to 514 MPa , ultimate tensile strength in a 
range from 411 to 907 MPa , and total ductility from 3.7 to 
24.4 % . 
[ 0113 ] Steel alloys herein with the Modal Structure ( Struc 
ture # 1 , FIG . 1A ) can be homogenized and refined through 
the Nanophase Refinement ( Mechanism # 1 , FIG . 1A ) by 
exposing the steel alloy to one or more cycles of heat and 
stress ultimately leading to formation of the Nanomodal 
Structure ( Structure # 2 , FIG . 1A ) . More specifically , the 
Modal Structure , when formed at thickness of greater than 
or equal to 2.0 mm , or formed at a cooling rate of less than 
or equal to 250 K / s , is preferably heated to a temperature of 
700 ° C. to a temperature below the solidus temperature ( Tm ) 
and at strain rates of 10-6 to 104 with a thickness reduction . 
Transformation to Structure # 2 occurs in a continuous 
fashion through the intermediate Homogenized Modal 
Structure ( Structure # 1a , FIG . 1A ) as the steel alloy under 
goes mechanical deformation during successive application 

of temperature and stress and thickness reduction such as 
what can be configured to occur during hot rolling . 
[ 0114 ] The Nanomodal Structure ( Structure # 2 , FIG . 1A ) 
has a primary austenitic matrix ( gamma - Fe ) and , depending 
on chemistry , may additionally contain ferrite grains ( alpha 
Fe ) and / or precipitates such as borides ( if boron is present ) 
and / or carbides ( if carbon is present ) . Depending on starting 
grain size , the Nanomodal Structure typically exhibits a 
primary austenitic matrix ( gamma - Fe ) with grain size of 1.0 
to 100 um and / or precipitates at a size 1.0 to 200 nm in 
laboratory casting . Matrix grain size and precipitate size 
might be larger up to a factor of 5 at commercial production 
depending on alloy chemistry , starting casting thickness and 
specific processing parameters . Steel alloys herein with the 
Nanomodal Structure typically exhibit the following tensile 
properties , yield strength from 264 to 574 MPa , ultimate 
tensile strength in a range from 921 to 1413 MPa , and total 
ductility from 12.0 to 77.7 % . Structure # 2 is preferably 
formed at thickness of 1 mm to 500 mm . 
[ 0115 ] When steel alloys herein with the Nanomodal 
Structure ( Structure # 2 , FIG . 1A ) are subjected to stress at 
ambient / near ambient temperature ( e.g. 25 ° C. at +/- 5 ° C. ) , 
the Dynamic Nanophase Strengthening Mechanism ( Mecha 
nism # 2 , FIG . 1A ) is activated leading to formation of the 
High Strength Nanomodal Structure ( Structure # 3 , FIG . 
1A ) . Preferably , the stress is at a level above the alloy's 
respective yield strength in a range from 250 to 600 MPa 
depending on alloy chemistry . The High Strength Nano 
modal structure typically exhibits a ferritic matrix ( alpha - Fe ) 
which , depending on alloy chemistry , may additionally 
contain austenite grains ( gamma - Fe ) and precipitate grains 
which may include borides ( if boron is present ) and / or 
carbides ( if carbon is present ) . Note that the strengthening 
transformation occurs during strain under applied stress that 
defines Mechanism # 2 as a dynamic process during which 
the metastable austenitic phase ( gamma - Fe ) transforms into 
ferrite ( alpha - Fe ) with precipitates . Note that depending on 
the starting chemistry , a fraction of the austenite will be 
stable and will not transform . Typically , as low as 5 volume 

ent and as high as 95 volume pe ent of the matrix will 
transform . The High Strength Nanomodal Structure typi 
cally exhibits a ferritic matrix ( alpha - Fe ) with matrix grain 
size of 25 nm to 50 um and precipitate grains at a size of 1.0 
to 200 nm in laboratory casting . Matrix grain size and 
precipitate size might be larger up to a factor of 2 at 
commercial production depending on alloy chemistry , start 
ing casting thickness and specific processing parameters . 
Steel alloys herein with the High Strength Nanomodal 
Structure typically exhibits the following tensile properties , 
yield strength from 718 to 1645 MPa , ultimate tensile 
strength in a range from 1356 to 1831 MPa , and total 
ductility from 1.6 to 32.8 % . Structure # 3 is preferably 
formed at thickness of 0.2 to 25.0 mm . 
[ 0116 ] The High Strength Nanomodal Structure ( Structure 
# 3 , FIG . 1A and FIG . 1B ) has a capability to undergo 
Recrystallization ( Mechanism # 3 , FIG . 1B ) when subjected 
to heating below the melting point of the alloy with trans 
formation of ferrite grains back into austenite leading to 
formation of Recrystallized Modal Structure ( Structure # 4 , 
FIG . 1B ) . Partial dissolution of nanoscale precipitates also 
takes place . Presence of borides and / or carbides is possible 
in the material depending on alloy chemistry . Preferred 
temperature ranges for a complete transformation occur 
from 650 ° C. up to the Tm of the specific alloy . When 
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erties : yield strength from 718 to 1645 MPa , ultimate tensile 
strength in a range from 1356 to 1831 MPa , and total 
ductility from 1.6 to 32.8 % . 
[ 0118 ] Steel alloys herein with the Refined High Strength 
Nanomodal Structure ( Structure # 5 , FIG . 1B ) may then be 
exposed to elevated temperatures leading back to formation 
of a Recrystallized Modal Structure ( Structure # 4 , FIG . 1B ) . 
Typical temperature ranges for a complete transformation 
occur from 650 ° C. up to the Tm of the specific alloy ( as 
illustrated in FIG . 1B ) while lower temperatures from 400 ° 
C. to temperatures less than 650 ° C. , activate recovery 
mechanisms and may cause partial recrystallization . Stress 
ing and heating may be repeated multiple times to achieve 
desired product geometry including but not limited to rela 
tively thin gauges of the sheet , relatively small diameter of 
the tube or rod , complex shape of final part , etc. with 
targeted properties . Final thicknesses of the material may 
therefore fall in the range from 0.2 to 25 mm . Note that cubic 
precipitates may be present in the steel alloys herein at all 
stages with a Fm3m ( # 225 ) space group . Additional 
nanoscale precipitates may be formed as a result of defor 
mation through Dynamic Nanophase Strengthening Mecha 
nism ( Mechanism # 2 ) and / or Nanophase Refinement & 
Strengthening ( Mechanism # 4 ) that are represented by 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 ) . The precipi 
tate nature and volume fraction depends on the alloy com 
position and processing history . The size of nanoprecipitates 
can range from 1 nm to tens of nanometers , but in most cases 
below 20 nm . Volume fraction of precipitates is generally 
less than 20 % . 

recrystallized , the Structure # 4 contains few dislocations or 
twins and stacking faults can be found in some recrystallized 
grains . Note that at lower temperatures from 400 to 650 ° C. , 
recovery mechanisms may occur . The Recrystallized Modal 
Structure ( Structure # 4 , FIG . 1B ) typically exhibits a pri 
mary austenitic matrix ( gamma - Fe ) with grain size of 0.5 to 
50 um and precipitate grains at a size of 1.0 to 200 nm in 
laboratory casting . Matrix grain size and precipitate size 
might be larger up to a factor of 2 at commercial production 
depending on alloy chemistry , starting casting thickness and 
specific processing parameters . Steel alloys herein with the 
Recrystallized Modal Structure typically exhibit the follow 
ing tensile properties : yield strength from 197 to 1372 MPa , 
ultimate tensile strength in a range from 799 to 1683 MPa , 
and total ductility from 10.6 to 86.7 % . 
[ 0117 ] Steel alloys herein with the Recrystallized Modal 
Structure ( Structure # 4 , FIG . 1B ) undergo Nanophase 
Refinement & Strengthening ( Mechanism # 4 , FIG . 1B ) 
upon stressing above yield at ambient / near ambient tem 
perature ( e.g. 25 ° C. +/- 5 ° C. ) that leads to formation of the 
Refined High Strength Nanomodal Structure ( Structure # 5 , 
FIG . 1B ) . Preferably the stress to initiate Mechanism # 4 is 
at a level above yield strength in a range 197 to 1372 MPa . 
Similar to Mechanism # 2 , Nanophase Refinement & 
Strengthening ( Mechanism # 4 , FIG . 1B ) is a dynamic pro 
cess during which the metastable austenitic phase transforms 
into ferrite with precipitate resulting generally in further 
grain refinement as compared to Structure # 3 for the same 
alloy . One characteristic feature of the Refined High 
Strength Nanomodal Structure ( Structure # 5 , FIG . 1B ) is 
that significant refinement occurs during phase transforma 
tion in the randomly distributed “ pockets ” of microstructure 
while other areas remain untransformed . Note that depend 
ing on the starting chemistry , a fraction of the austenite will 
be stable and the area containing the stabilized austenite will 
not transform . Typically , as low as 5 volume percent and as 
high as 95 volume percent of the matrix in the distributed 
“ pockets ” will transform . The presence of borides ( if boron 
is present ) and / or carbides ( if carbon is present ) is possible 
in the material depending on alloy chemistry . The untrans 
formed part of the microstructure is represented by auste 
nitic grains ( gamma - Fe ) with a size from 0.5 to 50 um and 
additionally may contain distributed precipitates with size of 
1 to 200 nm . These highly deformed austenitic grains 
contain a relatively large number of dislocations due to 
existing dislocation processes occurring during deformation 
resulting in high fraction of dislocations ( 108 to 1010 mm - 2 ) . 
The transformed part of the microstructure during deforma 
tion is represented by refined ferrite grains ( alpha - Fe ) with 
additional precipitate through Nanophase Refinement & 
Strengthening ( Mechanism # 4 , FIG . 1B ) . The size of refined 
grains of ferrite ( alpha - Fe ) varies from 50 to 2000 nm and 
size of precipitates is in a range from 1 to 200 nm in 
laboratory casting . Matrix grain size and precipitate size 
might be larger up to a factor of 2 at commercial production 
depending on alloy chemistry , starting casting thickness and 
specific processing parameters . The size of the " pockets " of 
transformed and highly refined microstructure typically var 
ies from 0.5 to 20 um . The volume fraction of the trans 
formed vs untransformed areas in the microstructure can be 
varied by changing the alloy chemistry including austenite 
stability from typically a 95 : 5 ratio to 5:95 , respectively . 
Steel alloys herein with the Refined High Strength Nano 
modal Structure typically exhibit the following tensile prop 

Mechanisms During Sheet Production Through Slab Casting 
[ 0119 ] The structures and enabling mechanisms for the 
steel alloys herein are applicable to commercial production 
using existing process flows . See FIG . 2. Steel slabs are 
commonly produced by continuous casting with a multitude 
of subsequent processing variations to get to the final 
product form which is commonly coils of sheet . A detailed 
structural evolution in steel alloys herein from casting to 
final product with respect to each step of slab processing into 
sheet product is illustrated in FIG . 2 . 
[ 0120 ] The formation of Modal Structure ( Structure # 1 ) in 
steel alloys herein occurs during alloy solidification . 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 . The as - cast thickness will be dependent on the 
production method with Thin Slab Casting typically in the 
range of 20 to 150 mm in thickness and Thick Slab Casting 
typically in the range of 150 to 500 mm in thickness . 
Accordingly , as cast thickness may fall in the range of 20 to 
500 mm , and at all values therein , in 1 nun increments . 
Accordingly , as cast thickness may be 21 mm , 22 mm , 23 
mm , etc. , up to 500 mm . 
[ 0121 ] Hot rolling of solidified slabs from the alloys is the 
next processing step with production either of transfer bars 
in the case of Thick Slab Casting or coils in the case of Thin 
Slab Casting . During this process , the Modal Structure 
transforms in a continuous fashion into a partial and then 
fully Homogenized Modal Structure ( Structure # 1a ) through 
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Nanophase Refinement ( Mechanism # 1 ) . Once homogeni 
zation and resulting refinement is completed , the Nano 
modal Structure ( Structure # 2 ) forms . The resulting hot band 
coils which are a product of the hot rolling process is 
typically in the range of 1 to 20 mm in thickness . 
[ 0122 ] Cold rolling is a widely used method for sheet 
production that is utilized to achieve targeted thickness for 
particular applications . For AHSS , thinner gauges are usu 
ally targeted in the range of 0.4 to 2 mm . To achieve the finer 
gauge thicknesses , cold rolling can be applied through 
multiple passes with or without intermediate annealing 
between passes . Typical reduction per pass is 5 to 70 % 
depending on the material properties and equipment capa 
bility . The number of passes before the intermediate anneal 
ing also depends on materials properties and level of strain 
hardening during cold deformation . For the steel alloys 
herein , the cold rolling will trigger Dynamic Nanophase 
Strengthening ( Mechanism # 2 ) leading to extensive strain 
hardening of the resultant sheet and to the formation of the 
High Strength Nanomodal Structure ( Structure # 3 ) . The 
properties of the cold rolled sheet from alloys herein will 
depend on the alloy chemistry and can be controlled by the 
cold rolling reduction to yield a fully cold rolled ( i.e. hard ) 
product or can be done to yield a range of properties ( i.e. 1/4 , 
1/2 , 3/4 hard etc. ) . Depending on the specific process flow , 
especially starting thickness and the amount of hot rolling 
gauge reduction , often annealing is needed to recover the 
ductility of the material to allow for additional cold rolling 
gauge reduction . Intermediate coils can be annealed by 
utilizing conventional methods such as batch annealing or 
continuous annealing lines . The cold deformed High 
Strength Nanomodal Structure ( Structure # 3 ) for the steel 
alloys herein will undergo Recrystallization ( Mechanism 
# 3 ) during annealing leading to the formation of the Recrys 
tallized Modal Structure ( Structure # 4 ) . At this stage , the 
recrystallized coils can be a final product with advanced property combination depending on the alloy chemistry and 
targeted markets . In a case when even thinner gauges of the 
sheet are required , recrystallized coils can be subjected to 
further cold rolling to achieve targeted thickness that can be 
realized by one or multiple cycles of cold rolling / annealing . 
Additional cold deformation of the sheet from alloys herein 
with Recrystallized Modal Structure ( Structure 44 ) leads to 

structural transformation into Refined High Strength Nano 
modal Structure ( Structure # 5 ) through Nanophase Refine 
ment and Strengthening ( Mechanism # 4 ) . As a result , fully 
hard coils with final gauge and Refined High Strength 
Nanomodal Structure ( Structure # 5 ) can be formed or , in the 
case of annealing as a last step in the cycle , coils of the sheet 
with final gauge and Recrystallized Modal Structure ( Struc 
ture # 4 ) can also be produced . When coils of recrystallized 
sheet from alloys herein utilized for finished part production 
by any type of cold deformation such as cold stamping , 
hydroforming , roll forming etc. , Refined High Strength 
Nanomodal Structure ( Structure # 5 ) will be present in the 
final product / parts . The final products may be in many 
different forms including sheet , plate , strips , pipes , and tubes 
and a myriad of complex parts made through various met 
alworking processes . 
Mechanisms for Edge Formability 
[ 0123 ] The cyclic nature of these phase transformations 
going from Recrystallized Modal Structure ( Structure # 4 ) to 
Refined High Strength Nanomodal Structure ( Structure # 5 ) 
and then back to Recrystallized Modal Structure ( Structure 
# 4 ) is one of the unique phenomenon and features of steel 
alloys herein . As described earlier , this cyclic feature is 
applicable during commercial manufacturing of the sheet , 
especially for AHSS where thinner gauge thicknesses are 
required ( e.g. thickness in the range of 0.2 to 25 mm ) . 
Furthermore , these reversibility mechanisms are applicable 
for the widespread industrial usage of the steel alloys herein . 
While exhibiting exceptional combinations of bulk sheet 
formability as is demonstrated by the tensile and bend 
properties in this application for the steel alloys herein , the 
unique cycle feature of the phase transformations is enabling 
for edge formability , which can be a significant limiting 
factor for other AHSS . Table 1 below provides a summary 
of the structure and performance features through stressing 
and heating cycles available through Nanophase Refinement 
and Strengthening ( Mechanism # 4 ) . How these structures 
and mechanisms can be harnessed to produce exceptional 
combinations of both bulk sheet and edge formability will be 
subsequently described herein . 

TABLE 1 

Structures and Performance Through Stressing / Heating Cycles 

Structure # 5 
Refined High Strength 
Nanomodal Structure Structure # 4 

Recrystallized 
Modal Structure 

Transformed 
" pockets " Property / Mechanism Untransformed 

Structure 
Formation 

Retained austenitic 
grains 

Recrystallization 
occurring at elevated 
temperatures in cold 
worked material 

Nanophase 
Refinement & 
Strengthening 
mechanism 

occurring through 
application of 

mechanical stress in 
distributed 

microstructural 
" pockets " 

Stress induced 
austenite 

transformation into 
ferrite and 
precipitates 

Transformations Recrystallization of cold 
deformed iron matrix 

Precipitation 
optional 
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TABLE 1 - continued 

Structures and Performance Through Stressing / Heating Cycles 

Structure # 5 
Refined High Strength 
Nanomodal Structure Structure # 4 

Recrystallized 
Modal Structure 

Transformed 
" pockets " Property / Mechanism Untransformed 

Enabling Phases Austenite , optionally 
ferrite , precipitates 

Matrix Grain Size 
Precipitate Size 
Tensile 
Response 

0.5 to 50 um 
1 to 200 nm 

Actual with properties 
achieved based on 
formation of the 

structure and fraction of 
transformation 

197 to 1372 MPa 
799 to 1683 MPa 

Austenite , Ferrite , optionally 
optionally austenite , 
precipitates precipitates 
0.5 to 50 um 50 to 2000 nm 
1 to 200 nm 1 to 200 nm 

Actual with properties achieved based on 
formation of the structure and fraction of 

transformation 

718 to 1645 MPa 
1356 to 1831 MPa 

Yield Strength 
Ultimate Tensile 
Strength 
Total Elongation 6.6 to 86.7 % 1.6 to 32.8 % 

Main Body 
[ 0124 ] The chemical composition of the alloys herein is 
shown in Table 2 which provides the preferred atomic ratios 
utilized . 

TABLE 2 

50 at . % Fe . More preferably , the alloys herein can be 
described as comprising , consisting essentially of , or con 
sisting of the following elements at the indicated atomic 
percent : Fe ( 61.30 to 83.14 at . % ) ; Si ( 0 to 7.02 at . % ) ; Mn 
( 0 to 15.86 at . % ) ; B ( 0 to 6.09 at . % ) ; Cr ( 0 to 18.90 at . % ) ; 
Ni ( 0 to 8.68 at . % ) ; Cu ( 0 to 2.00 at . % ) ; C ( 0 to 3.72 at . 
% ) . In addition , it can be appreciated that the alloys herein 
are such that they comprise Fe and at least four or more , or 
five or more , or six or more elements selected from Si , Mn , 
B , Cr , Ni , Cu or C. Most preferably , the alloys herein are 
such that they comprise , consist essentially of , or consist of 
Fe at a level of 50 at . % or greater along with Si , Mn , B , Cr , 
Ni , Cu and C. 

Alloy Chemical Composition 

Alloy Fe Cr Ni Mn Cu B Si c 

Alloy Laboratory Processing 
[ 0126 ] Laboratory processing of the alloys in Table 2 was 
done to model each step of industrial production but on a 
much smaller scale . Key steps in this process include the 
following : casting , tunnel furnace heating , hot rolling , cold 
rolling , and annealing . 

Alloy 1 75.75 2.63 1.19 
Alloy 2 73.99 2.63 1.19 
Alloy 3 77.03 2.63 3.79 
Alloy 4 78.03 2.63 5.79 
Alloy 5 79.03 2.63 7.79 
Alloy 6 78.53 2.63 3.79 
Alloy 7 79.53 2.63 5.79 
Alloy 8 80.53 2.63 7.79 
Alloy 9 74.75 2.63 1.19 
Alloy 10 75.25 2.63 1.69 
Alloy 11 74.25 2.63 1.69 
Alloy 12 73.75 2.63 1.19 
Alloy 13 77.75 2.63 1.19 
Alloy 14 74.75 2.63 2.19 
Alloy 15 73.75 2.63 3.19 
Alloy 16 74.11 2.63 2.19 
Alloy 17 72.11 2.63 2.19 
Alloy 18 78.25 2.63 0.69 
Alloy 19 74.25 2.63 1.19 
Alloy 20 74.82 2.63 1.50 
Alloy 21 75.75 1.63 1.19 
Alloy 22 77.75 2.63 1.19 
Alloy 23 76.54 2.63 1.19 
Alloy 24 67.36 10.70 1.25 
Alloy 25 71.92 5.45 2.10 
Alloy 26 61.30 18.90 6.80 
Alloy 27 71.62 4.95 4.10 
Alloy 28 62.88 16.00 3.19 
Alloy 29 72.50 2.63 0.00 
Alloy 30 80.19 0.00 0.95 
Alloy 31 77.65 0.67 0.08 
Alloy 32 78.54 2.63 1.19 
Alloy 33 83.14 1.63 8.68 
Alloy 34 75.30 2.63 1.34 
Alloy 35 74.85 2.63 1.49 

13.86 
13.18 
9.98 
6.98 
3.98 
8.48 
5.48 
2.48 
14.86 
13.86 
14.86 
15.86 
11.86 
13.86 
13.86 
13.86 
15.86 
11.86 
14.86 
14.17 
14.86 
13.86 
13.86 
10.56 
8.92 
0.90 
6.55 
11.36 
15.86 
13.28 
13.09 
13.86 
0.00 

14.01 
14.16 

0.65 
1.55 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
1.29 
1.29 
0.65 
1.15 
0.96 
0.65 
0.65 
0.65 
1.00 
1.50 
0.00 
2.00 
0.65 
1.55 
1.66 
1.09 
0.65 
1.00 
0.80 
0.95 

0.00 
1.54 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
5.00 
6.09 
5.50 
3.76 
0.00 
1.54 
2.25 
0.97 
0.00 
4.76 
0.00 
0.00 

5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
5.13 
3.13 
5.13 
4.13 
4.02 
6.60 
7.02 
5.13 
5.13 
0.88 
2.73 
3.13 
0.00 
5.13 
5.13 

0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.79 
0.00 
0.00 
0.00 
0.00 
0.00 
0.79 
0.79 
0.79 
3.72 
0.00 
0.79 
0.79 
0.79 

Casting 
[ 0127 ] Alloys were weighed out into charges ranging from 
3,000 to 3,400 grams using commercially available ferroad 
ditive powders with known chemistry and impurity content 
according to the atomic ratios in Table 2. Charges were 
loaded into a zirconia coated silica crucibles which was 
placed into an Indutherm VTC800V vacuum tilt casting 
machine . The machine then evacuated the casting and melt 
ing chambers and backfilled with argon to atmospheric 
pressure several times prior to casting to prevent oxidation 
of the melt . The melt was heated with a 14 kHz RF induction 
coil until fully molten , approximately 5.25 to 6.5 minutes 
depending on the alloy composition and charge mass . After 
the last solids were observed to melt it was allowed to heat 
for an additional 30 to 45 seconds to provide superheat and 
ensure melt homogeneity . The casting machine then evacu 
ated the melting and casting chambers , tilted the crucible 
and poured the melt into a 50 mm thick , 75 to 80 mm wide , 
and 125 mm deep channel in a water cooled copper die . The 
melt was allowed to cool under vacuum for 200 seconds 

[ 0125 ] As can be seen from the above , the alloys herein 
are iron based metal alloys , having greater than or equal to 
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TABLE 3 before the chamber was filled with argon to atmospheric 
pressure . Example pictures of laboratory cast slabs from two 
different alloys are shown in FIG . 3 . Annealing Parameters 

Tunnel Furnace Heating 
Anneal 
ing Heating Temperature Dwell Cooling Atmosphere 

la 850 ° C. 5 min 

1b 

Preheated 
Furnace 
Preheated 
Furnace 
20 ° C./hr 

850 ° C. 10 min 

2a 850 ° C. 360 min 

[ 0128 ] Prior to hot rolling , laboratory slabs were loaded 
into a Lucifer EHS3GT - B18 furnace to heat . The furnace set 
point varies between 1100 ° C. to 1250 ° C. depending on 
alloy melting point . The slabs were allowed to soak for 40 
minutes prior to hot rolling to ensure they reach the target 
temperature . Between hot rolling passes the slabs are 
returned to the furnace for 4 minutes to allow the slabs to 
reheat . 

Air Air + Argon 
Normalized 

Air Air + Argon 
Normalized 
45 ° C./hr to Hydrogen + 
500 ° C. then Argon 
Furnace Cool 
45 ° C./hr to Air + Argon 
500 ° C. then 

Air 
Normalized 
Furnace Cool Hydrogen + 

Argon 

2b 20 ° C./hr 850 ° C. 360 min 

3 20 ° C./hr 1200 ° C. 120 min 

Hot Rolling 

Alloy Properties 
[ 0129 ] Pre - heated slabs were pushed out of the tunnel 
furnace into a Fenn Model 061 2 high rolling mill . The 50 
mm slabs were preferably hot rolled for 5 to 8 passes though 
the mill before being allowed to air cool . After the initial 
passes each slab had been reduced between 80 to 85 % to a 
final thickness of between 7.5 and 10 mm . After cooling 
each resultant sheet was sectioned and the bottom 190 mm 
was hot rolled for an additional 3 to 4 passes through the 
mill , further reducing the plate between 72 to 84 % to a final 
thickness of between 1.6 and 2.1 mm . Example pictures of 
laboratory cast slabs from two different alloys after hot 
rolling are shown in FIG . 4 . 

Cold Rolling 

[ 0132 ] Thermal analysis of the alloys herein was per 
formed on as - solidified cast slabs using a Netzsch Pegasus 
404 Differential Scanning calorimeter ( DSC ) . Samples of 
alloys were loaded into alumina crucibles which were then 
loaded into the DSC . The DSC then evacuated the chamber 
and backfilled with argon to atmospheric pressure . A con 
stant purge of argon was then started , and a zirconium getter 
was installed in the gas flow path to further reduce the 
amount of oxygen in the system . The samples were heated 
until completely molten , cooled until completely solidified , 
then reheated at 10 ° C./min through melting . Measurements 
of the solidus , liquidus , and peak temperatures were taken 
from the second melting in order to ensure a representative 
measurement of the material in an equilibrium state . In the 
alloys listed in Table 2 , melting occurs in one or multiple 
stages with initial melting from ~ 1111 ° C. depending on 
alloy chemistry and final melting temperature up to ~ 1476 ° 
C. ( Table 4 ) . Variations in melting behavior reflect complex 
phase formation at solidification of the alloys depending on 
their chemistry . 

[ 0130 ] After hot rolling resultant sheets were media 
blasted with aluminum oxide to remove the mill scale and 
were then cold rolled on a Fenn Model 061 2 high rolling 
mill . Cold rolling takes multiple passes to reduce the thick 
ness of the sheet to a targeted thickness of typically 1.2 mm . 
Hot rolled sheets were fed into the mill at steadily decreasing 
roll gaps until the minimum gap is reached . If the material 
has not yet hit the gauge target , additional passes at the 
minimum gap were used until 1.2 mm thickness was 
achieved . A large number of passes were applied due to 
limitations of laboratory mill capability . Example pictures of 
cold rolled sheets from two different alloys are shown in 
FIG . 5 . 

TABLE 4 

Differential Thermal Analysis Data for Melting Behavior 

Annealing 
Solidus 

Temperature 
( ° C. ) 

Liquidus 
Temperature 

( ° C. ) 

Melting Melting 
Peak # 1 Peak # 2 

( ° C. ) ( C. ) 

Melting 
Peak # 3 

( ° C . ) Alloy 

1401 
[ 0131 ] After cold rolling , tensile specimens were cut from 
the cold rolled sheet via wire electrical discharge machining 
( EDM ) . These specimens were then annealed with different 
parameters listed in Table 3. Annealing la , 1b , 2b were 
conducted in a Lucifer 7HT - K12 box furnace . Annealing 2a 
and 3 was conducted in a Camco Model G - ATM - 12FL 
furnace . Specimens which were air normalized were 
removed from the furnace at the end of the cycle and 
allowed to cool to room temperature in air . For the furnace 
cooled specimens , at the end of the annealing the furnace 
was shut off to allow the sample to cool with the furnace . 
Note that the heat treatments were selected for demonstra 
tion but were not intended to be limiting in scope . High 
temperature treatments up to just below the melting points 
for each alloy are possible . 

Alloy 1 
Alloy 2 
Alloy 3 
Alloy 4 
Alloy 5 
Alloy 6 
Alloy 7 
Alloy 8 
Alloy 9 
Alloy 10 
Alloy 11 
Alloy 12 
Alloy 13 
Alloy 14 
Alloy 15 
Alloy 16 
Alloy 17 

1390 
1157 
1411 
1400 
1415 
1416 
1421 
1417 
1385 
1383 
1384 
1385 
1401 
1385 
1386 
1384 
1376 

1448 
1410 
1454 
1460 
1467 
1462 
1467 
1469 
1446 
1442 
1445 
1443 
1459 
1445 
1448 
1439 
1442 

1439 
1177 
1451 
1455 
1464 
1458 
1464 
1467 
1441 
1437 
1442 
1435 
1451 
1442 
1441 
1435 
1435 
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TABLE 4 - continued TABLE 5 - continued 

Differential Thermal Analysis Data for Melting Behavior Density of Alloys 
Solidus 

Temperature 
( ° C. ) 

Liquidus 
Temperature 

( ° C. ) 

Melting 
Peak # 1 

( ° C . ) 

Melting Melting 
Peak # 2 Peak # 3 

( ° C . ) ( ° C. ) 
Density 
( g / cm ) Alloy Alloy 

1449 1453 Alloy 33 
Alloy 34 
Alloy 35 

7.78 
7.77 
7.78 

Alloy 18 
Alloy 19 
Alloy 20 
Alloy 21 
Alloy 22 
Alloy 23 
Alloy 24 
Alloy 25 
Alloy 26 
Alloy 27 
Alloy 28 
Alloy 29 
Alloy 30 
Alloy 31 
Alloy 32 
Alloy 33 
Alloy 34 
Alloy 35 

1336 

1395 
1385 
1374 
1391 
1408 
1403 
1219 
1186 
1246 
1179 
1158 
1159 
1111 
1436 
1436 
1153 
1397 
1394 

1456 
1437 
1439 
1442 
1461 
1452 
1349 
1335 
1327 
1355 
1402 
1448 

1431 
1432 
1436 
1438 
1458 
1434 
1246 
1212 
1268 
1202 
1176 
1168 
1120 
1464 
1464 
1178 
1445 
1441 

1448 
1314 
1319 
1317 
1344 
1396 
1439 
1397 1403 

1475 
1476 
1418 
1448 
1444 

1411 

[ 0134 ] Tensile properties were measured on an Instron 
3369 mechanical testing frame using Instron's Bluehill 
control software . All tests were conducted at room tempera 
ture , with the bottom grip fixed and the top grip set to travel 
upwards at a rate of 0.012 mm / s . Strain data was collected 
using Instron’s Advanced Video Extensometer . Tensile prop 
erties of the alloys listed in Table 2 after annealing with 
parameters listed in Table 3 are shown below in Table 6 to 
Table 10. The ultimate tensile strength values may vary from 
799 to 1683 MPa with tensile elongation from 6.6 to 86.7 % . 
The yield strength is in a range from 197 to 978 MPa . The 
mechanical characteristic values in the steel alloys herein 
will depend on alloy chemistry and processing conditions . 
The variation in heat treatment additionally illustrates the 
property variations possible through processing a particular 
alloy chemistry . 

[ 0133 ] The density of the alloys was measured on 9 mm 
thick sections of hot rolled material using the Archimedes 
method in a specially constructed balance allowing weigh 
ing in both air and distilled water . The density of each alloy 
is tabulated in Table 5 and was found to be in the range from 
7.57 to 7.89 g / cm3 . The accuracy of this technique is +0.01 
g / cm3 

TABLE 6 

Tensile Data for Selected Alloys after 
Heat Treatment la 

TABLE 5 

Density of Alloys Yield 
Strength 
( MPa ) 

Ultimate 
Tensile 
Strength 
( MPa ) 

Tensile 
Elongation 

( % ) Alloy Density 
( g / cm ) Alloy 

Alloy 1 

Alloy 2 

Alloy 3 

Alloy 4 

Alloy 5 

Alloy 6 

Alloy 1 
Alloy 2 
Alloy 3 
Alloy 4 
Alloy 5 
Alloy 6 
Alloy 7 
Alloy 8 
Alloy 9 
Alloy 10 
Alloy 11 
Alloy 12 
Alloy 13 
Alloy 14 
Alloy 15 
Alloy 16 
Alloy 17 
Alloy 18 
Alloy 19 
Alloy 20 
Alloy 21 
Alloy 22 
Alloy 23 
Alloy 24 
Alloy 25 
Alloy 26 
Alloy 27 
Alloy 28 
Alloy 29 
Alloy 30 
Alloy 31 
Alloy 32 

7.78 
7.74 
7.82 
7.84 
7.76 
7.83 
7.79 
7.71 
7.77 
7.78 
7.77 
7.77 
7.80 
7.78 
7.79 
7.79 
7.77 
7.79 
7.77 
7.78 
7.78 
7.87 
7.81 
7.67 
7.71 
7.57 
7.67 
7.73 
7.89 
7.78 
7.89 
7.89 

443 
458 
422 
484 
485 
479 
458 
428 
462 
367 
374 
364 
510 
786 
555 
418 
419 
430 
468 
481 
482 
851 
848 
859 
490 
496 
493 
472 
481 
470 
496 
498 
509 

1212 
1231 
1200 
1278 
1264 
1261 
1359 
1358 
1373 
1389 
1403 
1396 
1550 
1547 
1552 
1486 
1475 
1490 
1548 
1567 
1545 
1664 
1683 
1652 
1184 
1166 
1144 
1216 
1242 
1203 
1158 
1155 
1154 

51.1 
57.9 
51.9 
48.3 
45.5 
48.7 
43.9 
43.7 
44.0 
36.4 
39.1 
32.1 
16.5 
18.1 
16.2 
34.3 
35.2 
37.3 
20.2 
20.3 
19.3 
13.6 
14.0 
12.9 
58.0 
59.1 
56.6 
60.5 
58.7 
55.9 
65.7 
58.2 
68.3 

Alloy 7 

Alloy 8 

Alloy 9 

Alloy 10 

Alloy 11 



US 2021/0238703 A1 Aug. 5 , 2021 
11 

TABLE 6 - continued TABLE 7 - continued 

Tensile Data for Selected Alloys after 
Heat Treatment la 

Tensile Data for Selected Alloys after Heat Treatment 1b 

Yield 
Strength 
( MPa ) 

Ultimate Tensile 
Strength 
( MPa ) 

Tensile 
Elongation 

( % ) Alloy Yield 
Strength 
( MPa ) 

Ultimate 
Tensile 
Strength 
( MPa ) 

Tensile 
Elongation 

( % ) Alloy Alloy 20 
Alloy 12 

Alloy 21 
Alloy 13 

Alloy 24 
Alloy 22 

Alloy 25 
Alloy 23 

Alloy 26 

504 
515 
518 
478 
486 
455 
455 
466 
460 
419 
434 
439 
583 
594 
577 
481 
481 
486 
349 
346 
340 
467 
473 
459 
402 
409 
420 

Alloy 28 

1154 
1188 
1187 
1201 
1185 
1191 
1151 
1142 
1151 
1274 
1271 
1280 
1215 
1187 
1197 
1385 
1397 
1388 
1592 
1596 
1619 

1084 
1105 
1106 
1440 
1441 
1424 
1239 
1227 
1237 
1019 
1071 
1084 
932 
937 
930 
1116 
1132 
1122 
1271 
1240 
1246 
1003 
996 
988 
1087 
1061 
1101 

48.3 
70.8 
66.9 
41.4 
40.7 
42.0 
48.1 
55.4 
57.9 
48.4 
48.7 
47.5 
61.5 
60.8 
61.0 
60.0 
55.4 
56.8 
42.7 
36.2 
42.6 
36.0 
29.9 
29.5 
44.2 
46.1 
44.1 

434 
457 
448 
421 
427 
431 
554 
538 
562 
500 
502 
483 
697 
723 
719 
538 
574 
544 
978 
896 
953 
467 
476 
462 
439 
438 
440 

58.3 
54.9 
60.5 
54.3 
59.9 
47.8 
23.5 
24.3 
24.3 
16.0 
15.8 
16.3 
20.6 
21.3 
21.5 
20.6 
20.9 
21.8 
6.6 
7.2 
7.5 

56.7 
52.7 
51.6 
56.3 
59.0 
58.3 

Alloy 27 
Alloy 29 

Alloy 33 
Alloy 30 

Alloy 34 
Alloy 31 

1227 
1232 
1217 
1166 
1166 
1177 

Alloy 35 
Alloy 32 

TABLE 8 
TABLE 7 

Tensile Data for Selected Alloys after Heat Treatment 2a 
Tensile Data for Selected Alloys after Heat Treatment 1b 

Yield 
Strength 
( MPa ) 

Ultimate Tensile 
Strength 
( MPa ) 

Tensile 
Elongation 

( % ) 

Yield 
Strength 
( MPa ) 

Ultimate Tensile 
Strength 

( MPa ) 

Tensile 
Elongation 

( % ) Alloy 
Alloy Alloy 2 
Alloy 1 

Alloy 30 
Alloy 2 

367 
369 
367 
391 
389 
401 
413 
399 
384 
301 
281 
287 

1174 
1193 
1179 
1118 
1116 
1113 
878 
925 
962 
1133 
1125 
1122 

46.2 
45.1 
50.2 
55.7 
60.5 
59.5 
17.6 
20.5 
21.0 
37.4 
38.7 
39.0 

Alloy 32 
Alloy 9 

Alloy 31 
Alloy 12 

Alloy 13 

TABLE 9 

487 
466 
488 
438 
431 
431 
522 
466 
462 
471 
458 
454 
452 
435 
432 
448 
443 
436 
444 
438 
423 
433 
432 
423 
420 
421 
425 
496 
434 
435 

1239 
1269 
1260 
1232 
1228 
1231 
1172 
1170 
1168 
1115 
1102 
1118 
1408 
1416 
1396 
1132 
1151 
1180 
1077 
1072 
1075 
1084 
1072 
1071 
946 
939 
961 
1124 
1118 
1117 

57.5 
52.5 
55.8 
49.7 
49.8 
49.4 
62.6 
61.9 
61.3 
63.3 
69.3 
69.1 
40.5 
42.5 
46.0 
64.4 
60.7 
54.3 
66.9 
65.3 
70.5 
67.5 
66.8 
67.8 
74.6 
77.0 
74.9 
67.4 
64.8 
67.4 

Alloy 14 
Tensile Data for Selected Alloys after Heat Treatment 2b 

Alloy 15 Yield 
Strength 
( MPa ) 

Ultimate Tensile 
Strength 

( MPa ) 

Tensile 
Elongation 

( % ) Alloy 
Alloy 16 

Alloy 1 

Alloy 17 
Alloy 2 

396 
383 
393 
378 
381 
366 
388 
389 

1093 
1070 
1145 
1233 
1227 
1242 
1371 
1388 

31.2 
30.4 
34.7 
49.4 
48.3 
47.7 
41.3 
42.6 

Alloy 19 
Alloy 3 




























































