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1.Intensive Recrystallization-
Controlled Rolling + 
Accelerated Cooling.

Optimize microstructure for 
properties.

Improve cost and 
productivity.

GOAL:  To develop a robust processing route to the production of 
High-Strength Low-Alloy (HSLA) steel for linepipe applications.

4

Hypothesis:
The precipitation and grain refinement required for
the strength and toughness of a linepipe steel can
be achieved by a novel hot deformation approach.
This approach consists of increasing deformation
at recrystallization conditions and using lower
amounts of micro-alloying additions.
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Validation

• Full scale 
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Hot 
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Reheating 
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Overall Experimental Approach 
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Chemistries and Critical Temperatures
Wt% Low Nb Med Nb High Nb

C 0.050 0.049 0.049
Mn 1.495 1.518 1.508
P 0.012 0.011 0.011
S 0.0044 0.0040 0.0045
Si 0.261 0.262 0.249
Cu 0.096 0.098 0.097
Ni 0.257 0.255 0.255
Cr 0.253 0.253 0.252

Mo 0.151 0.151 0.151
V 0.061 0.064 0.064
Ti 0.010 0.010 0.010
Al 0.032 0.034 0.035
N 0.0072 0.0065 0.0068

Nb 0.051 0.070 0.091
B 0.00 0.00 0.00

Ca 0.0012 0.0013 0.0015

4321 7

Jiao 2010

Siciliano 2000

Zhao 2016

Zhu 2015

Hutchinson 2008

Maruyama 1998

Palmiere 1996

Stahlheim 2005

Ar3 Ar1

High-Nb 848°C 688°C

Low-Nb 847°C 689°C
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Dissolution Predictions



Austenite Grain Size Control with Low-Nb

94321
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Precipitation Dissolution Retarded by Particle 
Complexity

104321
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Similar Dissolution Behavior for Both Nb Contents

114321

0

10

20

30

40

50

60

11
50

°C
 H

12
00

°C
 H

12
50

°C
 H

13
00

°C
 H

11
50

°C
 L

12
00

°C
 L

12
50

°C
 L

13
00

°C
 L

(n
m

)

Average Diameter

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0

0.0005

0.001

0.0015

0.002

0.0025

11
50

°C
 H

12
00

°C
 H

12
50

°C
 H

13
00

°C
 H

11
50

°C
 L

12
00

°C
 L

12
50

°C
 L

13
00

°C
 L

(M
Pa

)

Vo
lu

m
e 

Fr
ac

tio
n

Volume fraction Pinning Force (MPa) 0.000

0.001

0.002

0.003

0.004

0.005

0.006

10 20 40 100 150 200 250

Ar
ea

 fr
ac

tio
n

Particle size (nm)

Low-Nb

1150°C-L 1200°C-L 1250°C-L 1300°C-L

0.000
0.001
0.002
0.003
0.004
0.005
0.006

10 20 40 100 150 200 250

Ar
ea

 fr
ac

tio
n

Particle size (nm)

High-Nb

1150°C-H 1200°C-H 1250°C-H 1300°C-H



Reheating Summary

• PAGS: 
• Low-Nb steel maintains grain size control below 1200°C for 1h.
• PAGS can be measured with EBSD reconstruction tools.

• Dissolution: 
• Experimental PPT volume fraction exceeded model predictions.
• Remaining PPTs appear of complex composition and morphology. Ti-rich 

precipitates 100-300nm in size. Nb-rich PPTs 20-60nm in size.
• Precipitates nature, morphology and size was verified by SEM, EDS, SADP and 

HRTEM.
• There is an opportunity to model the kinetics of dissolution of complex particles

124321
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Mean Flow Stress Matched Existing Models
𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑒𝑒 0.126−1.75 𝐶𝐶 +0.594 𝐶𝐶 2+2851+2968 𝐶𝐶 −1120 𝐶𝐶 2

𝑇𝑇 𝜀𝜀0.21�̇�𝜀0.13
Misaka, Y., and T. Yoshimoto (1967)
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𝑀𝑀𝑀𝑀𝑀𝑀 = 0.78 + 0.137 𝑀𝑀𝑀𝑀 ∗ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 1 − 𝑋𝑋𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐾𝐾𝜎𝜎𝑀𝑀𝑀𝑀𝑋𝑋𝑑𝑑𝑑𝑑𝑑𝑑Siciliano, et al. (1996)
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Hot Compression Experiments
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What Controls Recrystallization Inhibition?

4321
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Precipitation prevents recrystallization
Average 
PPT Size 
(nm) 76.69
SD 30.12
Volume 
Fraction 0.00150

Average 
PPT Size 
(nm) 77.80
SD 32.46
Volume 
Fraction 0.00068

𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 = 4𝑟𝑟𝜎𝜎𝑁𝑁𝑀𝑀Zener: Rigid GB

Flexible GB

𝑁𝑁𝑀𝑀 =
3𝑓𝑓𝑣𝑣

2𝜋𝜋𝑟𝑟2

𝑁𝑁𝑀𝑀 =
3𝑓𝑓𝑣𝑣

2/3

4𝜋𝜋𝑟𝑟2

FPIN FRXN

High-Nb 0.0323MPa 0.525 MPa

Low-Nb 0.0141MPa 0.151 MPa𝑀𝑀𝑅𝑅𝑅𝑅𝑃𝑃 =
12.5∆𝜎𝜎2

𝜇𝜇

E.J. Palmiere, et al (1996)4321 17



Complex particles persist

MN
g111 

At%
C 6.4
N 14.6
O 66.42
Si 0.13
S
Cl 0.5
Ti 0.72
V 0.02
Cr 0.02

Mn 0.04
Fe 2.02
Ni 0
Cu 0.08
Nb 9.06

X. Ma, C. Miao, B. 
Langelier, S. Subramanian, 
Materials & Design 132 
(2017) 244-249.

4321 18
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IRCR Offers More Nucleation Area After Roughing
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IRCR High Nb – After Transfer

1

2

3

Spectrum 
Label 1 2 3

C 84.04 91.93 80.4
Si 0.13 0.1 0.14
Cl 0.14
Ca 0.12
Ti 6.31 0.76 4.56
V 0.29 0.1 0.27
Cr 0.1 0.1 0.11
Fe 0.06 0.07 0.15
Cu 2.68 2.56 2.89
Nb 6.39 4.14 11.48

Spectru
m Label left-side full 

particle
C 81.57 84.04
Si 0.13
Ti 1.29 6.31
V 0.19 0.29
Cr 0.1
Fe 0.06
Cu 3.67 2.68
Nb 13.28 6.39
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Precipitate Size Distribution (20 000X)

BEFORE TRANSFER AFTER TRANSFER

Average PPT Size 10.06 nm

SD 4.87 nm

Volume Fraction 0.00491

Average PPT Size 10.21 nm
SD 5.26 nm

Volume Fraction 0.01476

Average PPT Size 10.94 nm

SD 6.90 nm

Volume Fraction 0.00456

Average PPT Size 11.50 nm

SD 6.90 nm

Volume Fraction 0.01926

4321 23



Recrystallization vs Pinning Force

PPT Average Feret
Diameter (nm) Volume Fraction FPIN (MPa) FRXN (MPa)

High-Nb  Roughing 10.94 0.00456 3.84 0.1075

High-Nb  Transfer 11.50 0.01926 9.55 0.1075

Low-Nb Roughing 10.06 0.00491 4.39 0.1744

Low-Nb  Transfer 10.21 0.01476 8.94 0.1744

𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃 = 4𝑟𝑟𝜎𝜎𝑁𝑁𝑀𝑀Zener: Flexible GB

𝑁𝑁𝑀𝑀 =
3𝑓𝑓𝑣𝑣

2/3

4𝜋𝜋𝑟𝑟2𝑀𝑀𝑅𝑅𝑅𝑅𝑃𝑃 =
12.5∆𝜎𝜎2

𝜇𝜇

E.J. Palmiere, C.I. Garcia, A.J. DeArdo, Metallurgical and Materials Transactions A 
27(4) (1996) 951-960.
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Summary: Hot Deformation

After Roughing:
• Precipitation is copious and FPIN > FRXN
• Average austenite grain size is similar for both process
• Effective nucleation area (Sv) is higher in IRCR

After Finishing:
• KAM is higher in IRCR process
• Austenite conditioning promised numerous nucleation sites.

4321 26
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Rolling Schedules

Tin (°C) % 
Reduction

1200

1100 18 T>Tnr
Total Reduction

61%
1070 27

1040 35
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45%880 26

550

CCR IRCR
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Tin (°C) % 
Reduction

1200

1050 35.7 T>Tnr

925 24
T<Tnr

Total Reduction
67%

900 24

875 24

850 24

550



Observations Source

0.09 and 0.04 Nb, 0.06 C, 2 Mn
Optimum performance: 820°C finish, 460°C coiling, 25°C/s 
cooling rate. API X100 achieved

L. Lan, et al (2017)

0.025 C, 0.04 Nb, 1.5 Mn, 0.32 Mo
To obtain AF, 20°C/s down to 400°C, followed by 1hr at 
500°C. API X70 achieved.

M.-C. Zhao, et al 
(2003)

AF forms at temperature slightly above Bainitic 
transformation. NbC PPTN hardening in AF has high potency 
at 600°C holding.

Y. Gu, et al (2016)

0.14 C, 0.02 Nb, 0.96 Mn, 0.32 Mo
3°C/s cooling rate enough to produce F-AF microstructure. 
Heterogeneous microstructure, undeformed austenitization.

L. Shi, et al (2014)

0.05 C, 0.1 Nb+V+Ti, 1.24 Mn
9-10°C/s form PF-AF microstructure after hot deformation in 
austenite.
10-12 and 14-17°C/s give more homogeneous structure, but 
USE and FATT similar to 9-10°C/s.

B. Hwang, et al (2005)

4321

Accelerated Cooling of 16°C/s Was Used
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CCR High-Nb ACC
CCR Low-Nb ACC

IRCR Low-Nb ACCIRCR High-Nb ACC
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CCR High-Nb ACC CCR Low-Nb ACC

IRCR Low-Nb ACCIRCR High-Nb ACC

Fit accuracy 99.2% Fit accuracy 99.0%

55.39%

41.26%

3.35%

Fit accuracy 99.0% Fit accuracy 99.0%
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0.98%

54.55%

44.55%
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53.17%
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2.50%
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YS (KSI) UTS (KSI) Elongation 
%

CCR High-Nb 78.73 93344 37.2%
CCR Low-Nb 75.25 89718 35.2%
IRCR High-Nb 70.54 95675 31.5%
IRCR Low-Nb 75.23 93336 31.4%
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IRCR Low-NbIRCR High-NbCCR High-Nb CCR Low-Nb

Splitting

4321

Splitting in CCR: Inhomogeneous microstructure
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IRCR: Finer, More Homogeneous Grain Size

354321
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Final Precipitation is Finer in IRCR

Spectrum 
Label C N O Cl Ti V Mn Fe Cu Nb Mo

1 25.7
9 5.16 0.21 29.32 1.7 0.43 18.3 3.04 16.06

2 1.22 19.0
7 0.65 0.9 68.07 8.07 2.01
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