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Map of global steel flow
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Opportunity Challenges

2011 Global Steel Production, 1.500 billion Very limited research in long steel products
|
I

on recrystallisation and precipitate interaction

Structural Steels consists 500 million

Limited solubility of Nb in austenite for high
carbon steels

Construction — complicated supply chain
Power lies with whom ?

Merchant bar

22%

No generation shifts 2G/3G structural steels
against automotive or oil & gas sector

|
Opportunity for Nb microalloying i
structural steel long products |

Source: Steve Jansto, Nb-bearing construction steel and global application trends, Value added structural steel symposium, 2012, Singapore
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Aims & Goals of Research

Aim: To investigate the effect of dilute Nb (<0.020 wt %) additions on
recrystallisation behaviour of plain carbon steels (0.20 & 0.80 wt % C).

Study the effect of processing variables i.e. strain, deformation temperature
& interpass time on static recrystallisation kinetics of steel grades.

Determine the recrystallisation-stop (T,,) & limit (Tys,) temperatures as
function of a strain.

Determine the driving (Fpyy) & retarding forces (Fpy) for recrystallisation
and correlate with T, & Tz,

Investigate the effect of dilute Nb additions on mechanical properties of
steel grades.

EPSRC
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Research Methodology:
1. Plane Strain Compression (PSC) Testing, Fraction Softening Studies
2. Quantitative Metallography, OM and TEM

3. Modelling and Simulation
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Chemical Composition

wt %
Steel C Si Mn P S N Nb
Grades
Basc/C20 | 020 020 1.03 0018 0008 0005 | 00
C20NBO5 | 020 019 1.03 0018 0008  0.005 | 0.004
C20ND10 | 020 019 101 0015 0007  0.007 | 0.007
C20NB20 | 020 019 101 0015 0007 0.008 | 0.017

Laboratory Scale Heats
25 mm (T) x 105 mm (W) x 900 mm (L)

Avg. area fraction of pearlite: 31 £ 2 %
Vickers Hardness 164 £ 4 HV /1

20. oc“p
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REX Simulation Techniques

Torsion - ASP y

>

PSC Advantage

A

/ [ S

Close to industrial
condition &
Large metallography
area
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Experimental Procedure

Double-hit simulation
e Strain: 0.10 to 0.40

Homogenisation * Deformation Temp: 850 - 1050°C
Treatment * Interpass time: 5 & 20s
1250°C 1250°C * constant strain rate: 15s7!)
2 * BN (u = 0.25) lubricant
Machining min \ o0 /s

PSC test

specimen £, €
\ M IPM2
. /20s

60 x30 x10

mm
Water

10°C/s Quench

v

Thermal Profile of Experiments
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Flow Stress and Microstructure Analysis
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Measurement of flow stress in hot plane strain
compression tests
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ABSTRACT

This Good Practice Guide s spplicable
mediam 1o high rates o

othermal) plane strain cor
def

ocument has been provided by a stecring group comprising academic

Technical input to the
industrial users and producers of a wide range of engineering materials.

rescarchers, representative:

Keywords: flow stress, hot plane stain compression test

1. INTRODUCTION

0-1
300°C 0 S00°C at strain rates

e PSC has

MATERIALS AT HIGH TEMPERATURES 23(2) 85-118 85

semsmetallic
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Flow Stress/MPa

120 1

100 4

40

20 4

Fractional softening calculation
(a)

Experimental Extrapolated
flow stress \ flow stress N

—’;?:;
/

0.0

Equivalent Plastic Strain
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Eqg.Stress (MPa)

(a) Eq. stress-strain curve for SHT

Peak Stress (MPa)

250

Base — Single Heat Tests (SHT)

200 A

150 +

50 A

0

850°C

950°C

100 1050°C

0.00

0.20 0.40 0.60 0.80

Eq. Strain

1.00

Equivalent Stress (MPa)

250
850°C
200 o —
150 o 950°C
B
50 A
O L T T T

0.00 0.20 0.40 0.60 0.80 1.00

Equivalent Strain

=0, + (0, sie) ag)[(1 — exp(—&/z,)] He

(b) Constitutive Equation Modelling

250 1.0 300
o
2004 8 L0.8 2 250
} &4
£ o 200
1501 " 06 O £5
‘ 0 o 150
100- ° s Loa 8 TS
L n I s 100
1 <
501 . n 0.2 5 50
=
0 T T T T T 0.0 0 T
800 850 900 950 1000 1050 1100 0.0 . K 0.6
Deformation Temperature (°C) Equivalent Strain
® Peak Stress ®m  Peak Strain — 6(1050) — 6(950) — ©(850)
(c) DReX Analysis (d) Critical Strain Analysis
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Softening fraction as a function of deformation temperature

C20/Base
-20 T T T e
-+ £010 & £030 Strain Rate = 25"
=+ £020 o £0.40 Interpass time = 5s E';!:;
-~ 0 ...................................................................................
o~ . g
o 2 m
£ 20 i oottt e
o
Q
o 49
© =
c k:
.g 60
0
E ......
80 N
100 r r ' i
850 900 950 1000 1050

Deformation Temp.(°C)

Inter-pass time: 5s

Note : All tests were performed at constant stain rate of 2 s’
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Double Hit Tests - IP 5s

(a) € 0.10

(b) €0.20

(d) & 0.40
= 250 + Uninterrupted
o > Interrupted
>3 2004
@ :
9 150+ &
G |
% 100': § % softening = 20
2
(2) € 0.10 3 50- :
g :
C T z] T T
(b) 8 0.20 0.0 0.2 0.4 0.6 0.8

Equivalent Strain

Note : All tests were performed at constant stain rate of 2 s’
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Effect of strain rate on DRX/DRV

1050°C - SHT

[EEY

O1

o
|

o
o
|

Equivalent Stress (MPa)

Equivalent Strain
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C20Nb20 — Double Heat

Tests (DHT)

1050°C 950°C 850°C
- 250 )
150 — Uninterrupted == Interupted — Uninterrupted == Interrupted — Uninterrupted == Interrupted
— 1 - — 300"
g ] g 20 R e
= B T = = !
@ 4001 :;’ @ 150 & 2004
£ | 1050°C - 85211 S 950°C - 85131 £ 850°C - 85341
@ I 1P Time =20s * 1004 1P Time = 20s @ A IP Time = 20s
3 50 | % softening = 100 S 9% softening = - 11 3 1004 % softening = - 42
- | = 504 = I
I I
I I
c L) L L) L) L c L] lI T L] c L) 1 L] L) L]
000 020 040 060 080 1.00 0.00 0.20 0.40 0.60 0.80 0.00 0.15 0.30 0.45 0.60
Equivalent Strain Equivalent Strain Equivalent Strain

Equivalent stress-strain curves for DHT to a true strain (€) of 0.40
Inter-pass time: 20s, Strain Rate: 15 s
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950°C- IP 5s vs 20s

(a) € 0.10

FS =24 % Wad

. FS=18%

D =121.3 ¥ 14.69 pm'

(b) € 0.20

(c) £ 0.30 (d) £ 0.40

Note : All tests were petformed at constant stain rate of 15 s

EESRC
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Softening fraction as a function of deformation temperature

C20Nb20

Strain Rate = 155
Interpass time = 5s

| Fractional

i Recoveryi Hardening]

FS

C20Nb20
2 -20 : -

404 '—e“% Strain Rate = 15s™1 E_g-
< & r Interpass time = 20s g%

60- : :\;. 11 I N - _ _ _ m%‘
| 1 2

80- _ E 2t-- T

- 5010 - £030 23 g 5

-+ £020 ® £040 £ g

100 T r r } »n 40 3d
850 900 950 1000 1050 = £%
c &

Deformation Temp.(°C) .f-j 60+ |

I IR |, S

: = 804

Inter-pass time: 5s > 010 = £030 H

-+ £ 0.20 e =040
100 . ' ' }
850 900 950 1000 1050
Deformation Temp.(°C)
Inter-pass time: 20s
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Recrystallisation Regime

Interpass time — 5s

Interpass time — 20s

G 1050 Fully ReX

g 1o // Partially ReX

% 950}

=
True Strain

0.4

Temperature (°C)

1100

1050
1000+
950,\'Partially ReX
¥ ¥
900+
Fully Un-ReX
850 . '
0.1 0.2 0.3 04
True Strain
-~ 95% ReX -+ 5%ReX

Softening Criteria

T, => 20 % softening => due to recovery / Onset of Rex
Tys0,=> 60 % softening + Metallography Observation

EPSRC
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ReX and Precipitation Interaction

. 0 M :
1. Time for 5 % recrystallisation, t; 4-x

0 4 2 4 300000
thos, = 6.75 X 107" do” €™ exp RT exp

275000
T

2. Time for 5 % precipitation, t, osp

to.08p = A[Nb]_lg_lz_o"r’exp(270000jexp : B :
RT T°(Inkg)

3. Recrystallisation fraction, JMAK Equation

X=1- exp[ln 0.95 ( d )2]

005X

Ref. 1 C.M. Sellars, HSLA Steels 85, Beijing
Ref. 2 Dutta & Sellars, Materials Science and Technology, March 1987, Vol. 3
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1.0
1.5
S 20
P
Lo |
+
2 .25
-]
Z
-1]
S -30
n
b4
o
S 35
4.0
45
1350
Irvine, 1967
Eric Palmiere, 1994
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Solubility Equations

Solubility relationship

——Irvine
—Meyer
— Mori
——Santella
——Nordberg
Eric
~
1250 1150 1050
Temperature'C
log[ Nb]-[C +12/14N] = 2.26 —67T—70
6700
Log [Nb] [C+12/14N] = 2.06 — ==
gmetallic Centre for Doctoral Training — Advanced Metallic Systems
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Interaction bet" REX & PPT KINETICS

Deformation temp. 950°C

10,000
to.95x -0 - t0.05X (s)
e
\ - -
to.50x . t0.5X (s)
N - % - 10.95%
1’000 t \\ \\ (s)
RO NS " tpin (1) (5)
N
N, “u —*— tpin () (s)
~ N
\\ \\ \\
100 R T
b \\ \\\ \‘\
q; \\ \\\ ‘\
.E tip20s — . R R -W S

10
tip 5s

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

Equ. Strain

For € < €1, the PPT is initiated before REX. t, -y and t, sy are shifted to much longer times.
For €1 to €2, the REX is initiated before PPT but its completion will be delayed by PPT.
For € > €2 | the REX is completed before PPT can be initiated.
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Interaction bet" REX & PPT KINETICS

10,000

1,000

100

Time,s

10

0.00 0.10

100,000

10,000

1,000

Time,s

10

0.00 0.10
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Deformation Temp. 1000°C

——10.05X (s)
—O—1t0.5X (s)
—*—10.95X (s)
i P

T tpin (1) (s)
= "® = tpin (E) (s)

0.20 0.30 0.40 0.50 0.60

Eg. Strain

Deformation temp. 900°C

——10.05X (s)
105X (s)

10.95X (s)
e

""" tpin (1) (s)
= ® ~tpin (E) (s)

Eq. Strain

qo‘"’
0“@”.

0.70

0.70

Deformation temp. 950°C

10,000
—%—10.05X (s)
—0—10.5X|(s)
. —*—0.95X (s)
===*==tpin (1) (s)
= ® = tpin (E) (s)
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w
o
E =
| I M |
10 TN
> LN, ey
I
it e S N
. l
|
I
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0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

Equ. Strain

Deformation temp. 850°C

100,000
005X (s)
10,000 DL
' —*—10.95X (s)
=== tpin (1) (s)
1,000 = ® "~ tpin (E) (s)
n
g 100
E
10
1
0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

Eq. Strain
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Temperature, °C

C BRI

Effect of applied strain on t; ,5p

Effect of Strainon tg o5
Irvin

1,150
~#4-—(0.10 Strain
+—0.20 Strain
1,100 —e—0.30 Strain
—+—0.40 Strain
1,050
1,000
950
900
850
0 1 10

etallic

.o""
ad

&

100
Time, s

Temperature, °C

1,100

1,050

1,000

950

900

850

=o=0,10 Strain

»—0.20 Strain
=#—0.30 Strain
—&—0.40 Strain

10

Effect of Strainon tysp

EJP

100

Time, s
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RPTT Analysis

RPTT for £ 0.40 (EJP)
1,150
“TT7t0.05X(s) T T TTt0.5X(s) = T 10.95X(s)
1,100 \ NS t0.05P (E) (s) — t0.95P (E) (s)
“\ \ t0.95%
\\\ \},o \
t0.50X \
1,050 NN
\ \ \
“ “
wbsx N Y
6] Tos%/RLT \ v N\
. 1,000 ___ - -___ Moo\
a . AN
= “ Y
3 \\ \\ \
o Tsx/RST “ D
Q950 r-c-ssmssemoseooool L N
\ NN
£ \\ \\ \
& . NN
N A Y \
900 N Nooa
\\ \\ N\
N ANEEEN
\\ \\ N
850 SooNO N
~ N N\
\\\ \\\ LN
N\
\\ \\ L ~
800 A e
0 0 1 10 100 1000 10000 100000
Time, s

Precipitation start and finish times based on EJP solubility equation.
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TEM Analysis — Extraction Replica

C20Nb20 - 950°C — = 0.40, IP time: 20s

'l Y n i
e\ %

30 -

20 -

Frequency{%)

= 8.38 £ 0.41 nm
( measurement of 1537 particles over area of 8.18 pm?)

|
|

m

o
=
A
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TEM Analysis — Extraction Replica

C20Nb20 - 950°C - ¢ 0.10, IP time:20s

10

Frequency (%)

Typical Size Distribution

D= 25.8 £ 0.85 nm
( measurement of 140 particles over area of 3.8 um?)

m
°
v
~
(g
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Ongoing work

r N
1. TEM studies on 0.20 % C steels to determine precipitation kinetics and

volume fractions so that comparison between Fpyy & Fp can be done.
\ J

\
2. Recrystallisation studies on 0.80 % C steels with similar levels of Niobium

and experimental matrix. (Master student : Recrystallisation studies on 0.40 and

\0.60 % C steels for interpass time of 20s).
J

3. We will have softening data for carbon ranging from 0.20 to 0.80 % C and
effect of Nb from 50 — 200 ppm. It could be one of the most comprehensive

studies on recrystallisation and precipitation interaction in high carbon steels.

N
4. Take forward the earlier modelling work at Sheffield and applied to current

experimental steels

J
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Conclusions

( N
1. The fraction softening increases with increase in deformation temperature

_for a constant strain rate and interpass time conditions. )

( N
2. An increase in strain leads to increase in fraction softening for any given

_deformation temperature. )

3. The fraction hardening observed for deformation temp. < 950°C is
attributed to the strain induced precipitation of Nb(CN) 1n deformed

\austem'te and subsequent inhabitation of recrystallisation.

J

é )
4. The Ts,, and Ty, (REX window)temperatures determined by applying the
softening criteria and quantitative microscopy goes well with industrial

. observation. D

5. The dilute Addition of 170 ppm of Nb has significant impact on static
recrystallisation behaviour !
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Thank you..
Q&A
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