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Abstract: In this article we review some of the advances made in Vanadium microalloying technology for flat products

published over the past 10 years and discuss their application to Advanced High Strength Steels (AHSS) for the automotive

sector. The potential benefits to a range of steel grades including Dual Phase (DP), fully bainitic, TRansformation Induced

Plasticity (TRIP) and TWinning Induced Plasticity (TWIP) are discussed and examples are given. Areas of ongoing

research which merit support from AHSS producers are identified.
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1 Introduction

The proportion of Advanced High Strength
Steel (AHSS) components in vehicle body-in-white
(BIW) assemblies has significantly increased over
the past decade. The two main driving forces behind
this change are weight reduction and improved
impact/crash resistance. At this time, a wide range
of AHSS materials have been industrialised; these
include Dual Phase (DP), TRansformation Induced
Plasticity (TRIP), fully bainitic and Complex Phase
(CP), TWinning Induced Plasticity (TWIP) and full
martensitic (hot press forming) sheets. In this paper
we provide a brief review of recent advances made
in vanadium microalloying technology over the
past 10 years, and discuss some of the advantages
of applying vanadium microalloying techniques
to each class of AHSS. In particular we focus on
applications involving TRIP and TWIP metallurgies.
Apart from introducing a useful increase in the yield
strength (YS) and ultimate tensile strength (UTS),
Vanadium microalloying can potentially contribute to
the improvement of other critical in-use properties.
These include damage resistance/toughness in TRIP
steels and sensitivity to delayed fracture/hydrogen

embrittlement.

2 Advances in Vanadium Technology

2.1 Dual phase (DP) steels

Several authors have investigated the effects of
"1 Son et al.!" studied
three ultrafine grained DP1000 grades fabricated
by Equal Channel Angular Pressing (ECAP). The
base composition was Fe-0.15C-1.1Mn-0.25Si
with V additions of Owt, 0.06%wt, and 0.12%wt.
After ECAP at 500°C (cumulative strain ~4) TEM
observations showed that the ferrite grains of the

V microalloying on DP steels

two V-microalloyed grades were strongly refined and
the dislocation densities were much higher than the
reference, suggesting that V strongly retards dynamic
recovery at 500C. However, this refinement was
not preserved after intercritical annealing at 730°C
although the ferrite grain size did remain <1 pm.
In fact the presence of V increased the intercritical
austenite fraction at 730°C (V, = 35%) beyond the
expected equilibrium value (V, = 27%). Compared
to the reference steel the UTS of the 0.06%wt. V
grade increased from 978 MPa to 1044 MPa and a

substantial improvement in the uniform elongation
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(9.3%—11.5%) was recorded. The influence of
Vanadium additions on tempering in DP steels
was investigated by Liu and co-workers”!. They
studied the effects of overageing (OA) for 600s
at temperatures between 200°C and 400°C on the
microalloyed DP900 grade; Fe-0.12C-1.4Mn-0.28Si-
0.07V. The presence of V was found to increase
the strength levels and to improve the tempering
stability, shifting the optimum OA temperature
from 250°C (reference steel) to 300°C. Further, V
microalloying suppressed the yield point elongation
which appeared after tempering at 350°C and above.
The ability of V additions to reduce softening during
ageing treatments has been investigated by Garcia et
al.”! for DP980/DP1180 GI/GA process optimisation.
This subject will be presented in detail elsewhere at

this conference.

2.2 Bainitic steels

The effect of Vanadium additions on low carbon
fully bainitic strips is a subject of strong technological
interest®®. Starting from a base composition of Fe-
0.09C-1.9Mn-0.3Si, Tung and Herman' investigated
the effect of V and N microalloying on the bainitic
transformation between 500°C and 600 C. They
found a strengthening effect of up to +105 MPa in
the UTS with V additions of 0.18%wt. An interesting
observation was that when 0.014%wt. N was
added this strength increase became independent
of the bainitic transformation temperature in the
range 500°C to 550°C. The mechanism behind the
strength increase was not clearly identified. Recently,
Siwecki and co-workers studied bainitic hot strips
with compositions Fe-0.04C-1.4Mn-0.1Si-1Cr-
0.25M0-0.08V-(0.01~0.038)N coiled at 400°C"".
They found a yield strength of 740~790 MPa for
V microalloyed strips, compared to 680 MPa for a
reference composition without V. Although some
V(C,N) precipitation was possibly detected in TEM
foils after coiling at 450°C, the authors conclude that
the main action of V is not to promote precipitation
strengthening but rather to retard the recovery of the
bainitic ferrite dislocation structure, an observation
which is compatible with the results of Son et al."".
Similar behaviour has been observed during low

temperature tempering of fully martensitic steels"”.

Further evidence that V does not precipitate in the
bainite region comes from a recent Vanitec project'”
where a steel of composition Fe-0.24C-1.5Mn-0.7Si-
0.8Cr-0.2V-0.09N was normalised at 1000°C and
air cooled. The final structure was bainitic with 15%
retained austenite. Selective chemical dissolution
was used to measure the precipitated weight fraction
of V and a value of 0.011%wt. was found i.e. only
5% of the nominal value. Tomographic atom probe
images (Fig. 1) of the bainitic ferrite show some
co-segregation of C and V at lath boundaries or
dislocations but no evidence of VC precipitation, even
though a net strength increase was observed.

Fig.1 Tomographic atom probe image of C and V in bainitic
ferrite (after ). The analysed volume is 34nmB4nmCT6nm

A recent Small Angle X-ray Scattering (SAXS)
study” of an Fe-0.46C-0.85Mn-0.25Si-0.3V alloy
cooled at 20°C/s from 1250°C and held at 600°C for
1800 s confirmed that the mean precipitate diameter
was ~0.5 nm i.e. too small to detect in the TEM. These
structures were carbon-deficient and did not display
the usual NaCl-type crystallography of VC — the
authors identified them as clusters or precursors which
nevertheless provided a significant strengthening
effect.

2.3 TRIP steels
Vanadium microalloying in TRIP steels has been

16 and several beneficial

studied by various authors'
effects have been observed. Increases in UTS of up
to +200 MPa with no significant loss in elongation
or toughness have been achieved with additions of
0.15%wt. V and 0.09%wt. N (Fig. 2). Obtaining
the best performance from this system requires a
careful optimisation of composition and process
parameters. The principal objective is to strengthen

the softer ferrite phase without reducing the carbon



concentration in the residual austenite and hence its’
stability.

Fig. 2 Mechanical properties of Fe-0.22C-1.6Mn-1.6Si
cold rolled TRIP800 microalloyed with 0.15V-0.09N as a
function of the intercritical annealing temperature

Vanadium, coupled with the correct amount of
nitrogen, is the only microalloying element which
can do this'"""*'¥, The heterogeneous precipitation of
V(C,N) in ferrite and austenite is clearly illustrated
in the TEM extraction replica images in Fig.3. The
explanation for this behaviour can be seen in Fig.4
where the ratio of carbon to nitrogen in V(C,N)
precipitates is plotted as a function of precipitate
size in ferrite and in austenite quenched from the
intercritical domain. Essentially no nucleation of
V(C,N) occurs in austenite whereas nucleation and
growth is strong in ferrite and depends strongly on the
free nitrogen content!"*. The logic behind this type
of alloy design is also applicable to intercritically
annealed DP steels and to some proposed process
routes for 3rd generation AHSS with high residual

austenite fractions ""'®,
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Fig. 3 (a,b) TEM replicas showing heterogeneous V(C,

N) precipitate distributions in austenite and ferrite after

heating at 5°C/s to 775°C for 180 s and water quenching.

(c,d) the final microstructure after cooling and overageing
at 400°C for 300 s

Fig. 4 Comparison of the C/N atomic ratios measured by
TEM EELS in V(C, N) precipitates in cold strip ferrite and
in cold strip austenite as a function of precipitate size

2.4 TWIP steels

Microalloying in C-Mn austenitic steels has
been studied for example to improve shape memory
effects'”. However, it has recently become a subject
of interest in cold rolled and annealed TWIP steels
as it is a most effective mechanism to increase the
rather low yield strength of this class of steels™*". As
can be seen in Fig. 5, vanadium is the most effective
precipitation strengthening agent in these alloys.
Indeed, gains of up to +375MPa in the YS have
been reported”". Titanium provides very efficient
precipitation strengthening at low concentrations
(0.1%wt.) but the hardening effect quickly saturates
due to the appearance of coarse primary inclusions.
The growth kinetics of Nb(C,N) precipitates appears
to be too rapid to retain particles that are sufficiently
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small for significant Orowan strengthening — some
gains in strength due to partial non-recrystallization
effects have been observed but at the expense of
ductility'™. There is currently an open question on the
effect of small (< 5Snm radius) V(C,N) precipitates on
the strain hardening characteristics of TWIP steels™"*”,
In Fig.6 the flow curves are plotted for three different
TWIP base metallurgies microalloyed with Ti, Nb and
V. It can be seen that microalloying has little effect on
the work hardening rate at small strains but has large
effect at larger strains (i.e. ¢ >0.25, see the arrows in
the graph). Note that care was taken to minimize the
variation in grain size between the different grades in
this Figure™". From this and from synchrotron X-ray
diffraction data, a conclusion was drawn that twinning
kinetics were not modified by precipitation, at least
for strains below ~0.25. However, more detailed TEM

studies'®”

suggest that twin/precipitate interactions
are actually quite strong, and that this may affect the
twinning kinetics at large strains. On the strength
of these observations, a physically-based model has
been proposed * to describe the effect of nanometer-
sized VC on the work hardening rate of TWIP steels.
This model suggests that the presence of dispersed
nanometer-sized carbides results in a faster initial
dislocation accumulation process coupled with a
reduction in the rate of twin formation. In comparison
to a reference TWIP alloy with no V additions, the
work hardening rate is thus higher at the start of
plastic deformation and then decreases more rapidly
as strain proceeds. This point will be discussed in
detail elsewhere in this congress **. From Fig.6 it can
be argued that the strain hardening characteristics of
micro-alloyed TWIP steels remain extremely good.

Fig. 5 Yield strength increase in Fe-(17-22)Mn-(0.6C-0.9)C
austenitic TWIP cold strips as a function
of nominal microalloying additions

Fig.6 The effect of microalloying with different
concentrations of Ti, Nb and V additions on the flow curves
of Fe-(17-22)Mn-(0.6C-0.9)C cold strips

2.5 Hydrogen trapping

No discussion of vanadium precipitation in high
strength steels can be complete without mentioning
hydrogen interactions. It has long been established that
vanadium precipitates are useful to prevent delayed
fracture (DF) in martensitic steels. Recent studies
suggest that the presence of VC appears to reduce the
apparent H diffusion coefficient in martensite™,

As the UTS of AHSS steels increases to levels
around 1 GPa and above, they too become sensitive to
DF and especially to stress corrosion cracking (SCC).
It has been clearly shown that vanadium precipitates
are useful in suppressing DF in TWIP steels and that
they have a beneficial effect on SCC™. Contrary
to the observations made in martensitic steels, this
cannot be attributed to any change in the H diffusion
coefficient””. A study by Malard and co-workers™"
using Small Angle Neutron Scattering (SANS) on
deuterium charged Fe-18Mn-0.2S5i TWIP samples
containing 0.2%wt. V showed that up to 3 ppm wt. of
H could be irreversibly trapped inside the precipitates
(Fig. 7). This is sufficient to suppress DF, but not
SCC where the external source of H is theoretically
unlimited.

A very interesting TAP study using deuterium
charged Fe-0.087C-0.1Mn-3Al-0.35V ferritic steel
was recently carried out by Takahashi and co-workers
31 Using a special charging cell they detected strong
deuterium trapping on the (001) broad interfaces of
large (>8 nm) V4C3 platelets. Smaller precipitates
did not show any interaction with deuterium atoms
— the authors suggest that this was because no misfit
dislocations were present, however they did not



discount the possibility the D atoms were trapped on
C vacancies in the lattice.

Fig. 7 SANS Kratky plot of IQ2 versus Q for
samples (C) with VC precipitates at different
concentrations of H. The shoulder at Q~0.04 in the
uncharged specimen is due to the presence of 7 nm
diameter V(C,N) precipitates. Trapped deuterium
changes the apparent size of the particles

3 Conclusions

Applying Vanadium microalloying to AHSS
can result in significant improvements in many
technologically important areas. DP grades benefit
from increased strength and tempering stability. In
bainitic steels significant strengthening is observed,
most probably due to retarded recovery kinetics
rather than precipitation strengthening. More studies
are required to clarify the effects of V additions at
temperatures below 550°C in bainite. TRIP steels
are excellent candidates for V microalloying as the
ferrite phase can be selectively strengthened by
V(C,N) nucleated during intercritical annealing.
Significant strengthening by fine V(C,N) precipitates
of up to +375 MPa on the YS of TWIP steels has
been demonstrated. The interaction between these
nano-precipitates and twinning is a subject of current
scientific debate. As well as providing improved
mechanical properties, V precipitates are known to
improve DF and SCC resistance in martensitic steels
and in austenitic TWIP alloys. The latest analysis
techniques are now providing us with some direct
evidence of the precipitate-hydrogen interaction
mechanisms. This research merits strong support if
cold formed AHSS steels with UTS > 1 GPa are to be
widely accepted in the automotive sector.

Proceedings of The 2 International Symposium on Automobile Steel

References:

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]
(9]

[10]

[11]

[12]

[13]

Son Y I, Lee Y K, Park K-T, Lee C S, Shin D H. Ultrafine
grained ferrite—martensite dual phase steels fabricated via
equal channel angular pressing: Microstructure and tensile
properties. Acta Mat.,53 (2005): 3125~3134.

Chakraborti P C, Mitra M K. Microstructure and tensile
properties of high strength duplex ferrite—martensite
(DFM) steels. Mat.Sci&.Eng.A466 (2007): 123~133.

Luo J-J, Shi W, Huang Q-F, Li L. Heat Treatment of
Cold-Rolled Low-Carbon Si-Mn Dual Phase Steels. J. of
Iron and Steel Res. Int.17(1) (2010): 54~58.

PapaRao M, Subramanya-Sarma V, Sankaran S.
Development of high strength and ductile ultra fine
grained dual phase steel with nanosized carbide
precipitates in aV-Nb microalloyed steel. Mat. Sci. &
Eng. A568 (2013): 171~175.

Garcia C I, Hua M, Cho K, Redkin K, DeArdo A J.
Metallurgy and Continuous Galvanizing Line Processing
of High—Strength Dual-Phase Steels Microalloyed
with Niobium and Vanadium in Proc. Galvatech (2011)
Genova, Italy, June 21~24.

Siwecki T, Eliasson J, Lagneborg R, Hutchinson B.
Vanadium Microalloyed Bainitic Hot Strip Steels. ISIJ
International, 50(5), (2010): 760~767.

Smanio V, Sourmail T. Vanitec Technical Report V134
(2012).

Iung T, Herman G. ArcelorMittal unpublished work.

Oba Y, Koppoju S, Ohnuma M, Murakami T, Hatano H,
Sasakawa K, Kitahara, Suzuki J-I. Quantitative Analysis
of Precipitate in Vanadium-microalloyed Medium Carbon
Steels Using Small-angle X-ray and Neutron Scattering
Methods. ISIJ International, 51(11) (2011): 1852~1858.
Ardehali Barani A, Li F, Romano P, Ponge D, Raabe
D. Design of high-strength steels by microalloying and
thermomechanical treatment. Mat. Sci. & Eng. A463
(2007): 138~146.

Scott C P, Maugis P, Barges P, Gouné M. Microalloying
with Vanadium in TRIP steels, Int. Conf. On Advanced
High Strength Sheet Steels for Automotive Applications,
(2004) Winter Park, Colorado pp181~193.

Scott C P, Perrard F, Barges P. Microalloying with
Vanadium for Improved Cold Rolled TRIP Steels. In:
Proc. International Seminar On Application Technologies
of Vanadium In Flat-rolled Steels, Suzhou China (2005).
Shi W, Li L, Yang C-X, Fu R-Y, Wang L, Wollants P.

Strain-induced transformation of retained austenite in



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Opportunities for Vanadium Microalloying in AHSS for the Automotive Sector

low-carbon low-silicon TRIP steel containing aluminum
and vanadium.. Mat. Sci. & Eng. A429 (2006): 247~251.
Perrard F, Scott C.P. Vanadium Precipitation during
Intercritical Annealing in Cold Rolled TRIP Steels, ISIJ
Vol. 47(8) (2007): 1168~1177.

Hou X-Y, Xu Y-B, Zhao Y-F, Wu D. Microstructure and
Mechanical Properties of Hot Rolled Low Silicon TRIP
Steel Containing Phosphorus and Vanadium. J. of Iron
and Steel Res. Int. 18(11) (2011): 40~45.

He Z, He Y, Ling Y, Wu Q, Gao Y, Li L. Effect of strain
rate on deformation behavior of TRIP steels. Journal of
Materials Processing Technology 212 (2012): 2141~
2147.

Grajcara A, Kuziak R, Zalecki W. Third generation of
AHSS with increased fraction of retained austenite for the
automotive industry. Archives of Civil and Mechanical
Engineering 12(2012): 334~341.

Aydin H, Essadiqi E, Jung I-H, Yue S. Development of
3rd generation AHSS with medium Mn content alloying
compositions. Mat.Sci.Eng.A564 (2013): 501~508.
Sagaradze V V, Belozerov Ye V, Pecherkina N L, Mukhin
M L, Zaynutdinov Yu R. The shape memory effect in
high-strength precipitation-hardening austenitic steels.
Mat. Sci. & Eng. A438-440 (2006): 812~815.

Scott C P, Cugy P. Vanadium additions in new ultra high
strength and ductility steels, Proc. ISAS (2009), Dalian,
China pp211~221.

Scott C P, Remy B, Collet J-L, Cael A, Bao C, Danoix F,
Malard B, Curfs C. Precipitation strengthening in high
manganese austenitic TWIP steels. Int. J. Mat. Res. 102(5)

(22]

(23]

(24]

[25]

[26]

[27]

(28]

(2011): 538~549.

Yen H.-W., Huang M.X., Scott C P, Yang J-R. Interactions
between deformation-induced defects and carbides in a
vanadium-containing twinning-induced-plasticity steel.
Scripta Mater. 66 (12),(2012): 1018~1023.

Kang S, Jung J-G, Lee Y-K. Effects of Nb on mechanical
twinning and tensile properties of a high Mn twinning_
induced plasticity steel. Materials Transactions 53(12),
(2012): 2187~219

Malard B, Remy B, Scott C P, Deschamps A, Chéne J,
Dieudonné T, Mathon M H. Hydrogen trapping by VC
precipitates and structural defects in a high strength Fe-
Mn-C steel studied by Small-Angle Neutron Scattering.
Mat.Sci.Eng.A536 (2012): 110~116.

Takahashi J, Kawakami K, Tarui T. Direct observation of
hydrogen-trapping sites in vanadium carbide precipitation
steel by atom probe tomography. Scripta Materialia 67
(2012): 213~216.

Hagihara Y, Shobu T, Hisamori N, Suzuki H, Takai K_
I, Hirai K. Delayed Fracture Using CSRT and Hydrogen
Trapping Characteristics of V-bearing High-strength Steel.
ISIJ International, 52(2), (2012): 298~306.

Dieudonné T. Mécanismes d’ absorption de 1’ hydrogéne
en milieu aqueux dans les aciers austénitiques Fe-Mn-C
; conséquences sur I’ endommagement. Ph.D thesis,
Université d° Evry Vald’ Essone, France (2012).

Liang Z Y, Huang M.X., Yen H-W, Scott C P. On the
work hardening mechanism of TWIP steels strengthened
by nanometre-sized vanadium carbides. To be published

at this conference.



	Contents 
	Plenary
	Advanced High Strength Automobile Steel
	Forming Technology for Automible Steel
	Lightweight Automobile Steel and Process Simulation
	Processing and Equipment for Automobile Steel
	Additional Paper

	Plenary
	Study on High Strength Steel and Application for Automobile  in Ansteel 
	Development of Medium and Intermediate Mn Third Generation  Automotive Steel Grades 
	Evolution of Steels for Car Manufacturing: Mechanical Considerations 
	Research on the Application of Automotive Steels
	Countermeasures Against Forming Defects and Techniques to Improve Formability for High Strength Stee
	Elucidating the Role of Partitioning of Substitutional Alloying  Elements at the Austenite-Ferrite I

	Advanced High Strength Automobile Steel 
	Vanadium Microalloyed Forging Steel 
	Research on the Texture and Powdering Resistance of Industrially Produced Galvannealed Coating on Hi
	Hole Expansion in Q&P, DP and TRIP Steel Sheets
	Characterization of Cold Formability of High-Strength Steels  in Bending Tests
	Study on TRIP-Aided Steels of Annealed Martensite Matrix  with High UTS·TE
	Effect of Heat Treatment on Toughness and Fatigue Properties of Heavy Power Transmission Shafts Made
	Dynamic Tensile Fracture Characteristics of Ultra-High Strength Cold-Rolled Dual Phase Steels under 
	 Microstructural Optimization for Multiphase Steels with  Improved Formability and Damage Resistance
	Effect of Continuous Annealing Temperature on Microstructure and Mechanical Properties of 22MnB5 Hot
	Opportunities for Vanadium Microalloying in AHSS  for the Automotive Sector
	Influence of Austenitizing Time on Microstructure and Properties  of Hot-Formed Steel
	Novel Alloying Design for Press Hardening Steels with Better Crash Performance
	Development of Hot-Rolled High Strength Steel of 750MPa  Level for Truck Beam
	On the Work-Hardening Mechanism of TWIP Steels Strengthened  by Nanometre-Sized Vanadium Carbides
	Investigation in Influence Factors on Dent Resistance and Stiffness  of Automotive Panel
	The Microstructure and Properties of Vanadium-Bearing DP980 Steels Processed with Continuous Galvani
	Research on Energy Absorption of Quasi-Static and Dynamic  Properties of High Strength TRIP Steel
	Role of Niobium in the Evolution of Advanced High Strength Steels
	Effect of Hot Rolling Process and Precipitated Particle  Control on n Value of IF Steel
	Dynamic Properties of Si-Mn TRIP Steels at High Strain Rate
	Study on the Mechanism of Surface Scarfing  for Slabs in Automobile Applications
	Development of 400MPa Galvanized Bake Hardening High Strength Steel in BX STEEL
	Effect of Soaking Temperature on Microstructure and Properties  of Dual Phase Steel Containing Niobi
	Production Practice for 460MPa Strength Grade Products of  Cold Rolling Low Alloy 
	Development of 420MPa HSLA-HSS Galvannealed Steel  for Automobile 
	Development of Dual Phase Steels at Tangsteel
	Production and Application of High-Intensity TRIP Steel of Ansteel

	Forming Technology for Automible Steel
	Hydrogen Embrittlement Properties of Ultra High-Strength Low  Alloy TRIP-Aided Steels with Hot Forgi
	Innovative Laser-Based Manufacturing Concepts for  Automotive Steel Processing
	Study on the Effect of Mechanical Properties on Weld Lobe  of Zinc Coated Steel Sheet for Auto
	Siemens Asolid Laser Welder
	Research on Cold Cracks of Welding 700MPa Grade High Strength  Low Alloy Steel Sheet 
	Operational Feedback from Siemens New Process Expert System  for Just-in-Time Warnings and Decision 
	Effect of Tube Bending Technology on Thickness Reduction  of an Automobile Subframe
	Last and Future Trends in Steel Service Center Equipment
	Research on Auto Welding Process Efficiency

	Lightweight Automobile Steel and  Process Simulation
	Recent Progress of Advanced High Strength  Steels for Automotive Applications
	The Third Generation Automobile Sheet Steels Presenting High  Strength and High Ductility 1
	Development of Ultra Formable 340MPa High Strength Steel for  Automotive Inner and Outer Panels
	Variable Gauge Sheet for Car Lightweight and Design by Optimization of Surplus Capacity
	Future Steel Vehicle:the Best Solution for Auto Lightweighting
	A Numerical Analysis on Web-Warping and Profile Accuracy  in the Flexible Roll Forming of AHSS
	Analysis of 500MPa Grade Dual Phase Steel and Application for  Lightweight Outer Panel
	Virtual Mill Dynamics Simulation of AHSS Pass Schedule Rolling
	Research in the Numerical Simulation Technology and Its  Application for Hot Stamping
	 Formability Strain Analysis and Material Selection of a Middle  Cross Member of the Car Rear Floorb
	Present Situation and Development Trend of Hot-Rolled  Automobile Steel Plate 
	Novel Method to Count Prior-Austenite Grain Size and Modeling of Initial Grain Size in DP590 Steel

	Processing and Equipment for Automobile Steel 
	Automatic Control of Automotive Annealing and Galvanizing Lines by Optimized Furnace Mathematical Mo
	Investigation on the Ultra-Low Nitrogen Steel Smelting Techniques
	Innovations in Continuous Galvanizing Lines  for the Production of AHSS
	Process Optimization and Practice of IF Steel Production at No.3 Continuous Caster in Angang Steel C
	Case Study: Flatness Measurement in SSAB Cut-to-Length Line in Sweden
	Influence of Ti/TiN Coatings on Failure Modes of Cr12MoV  Roll for Auto Sheet
	QES for Proactive Production Supervision
	Nozzle Clogging Behaviour Investigation of Ti-Bearing  Ultra Low Carbon Steel
	Industrial Benefits of Siemens Wiping System Implementation  on Continuous Galvanizing Lines
	Practice of Ultra-Low Carbonsteel Carbon Concentration Control

	Additional Paper
	Microalloyed Steels for High-Strength Forgings

	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	Q
	P
	R
	S
	T
	W
	X
	Y
	Z




