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Outline

1. Introduction to steels and stainless steels
• Iron and steel, major players in the history of mankind

• Stainless steels, a 100 years of know-how

2. Metallurgy
• phases, properties, microstructures

• the Fe-C (Fe-Fe3C) diagram

• families of steels 

• steels and irons

3. Steelmaking practice
• Heat treatments and practice

• Tailoring the properties of heat treatable steels

4. Case studies

5. Conclusions
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Remains of Etruscan furnaces, exploited from the 
end of the Iron Age (9th – 8th century BC) to the 1st

century BC

Residues, 
exploited 
until 1969…

Fe3O4 + CO → 3FeO + CO2

FeO + CO → Fe + CO2

FeO + C → Fe + CO

A. Berveglieri, R. 
Valentini, La 
Metallurgia
Italiana, June 
2001, p. 49ff

1. Introduction
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C. Lemonnier, La Belgique, 
Paris, Hachette (1888)

R. F. Tylecote. A history of 
metallurgy. The Metals Society, 
London, 2nd impr. 1979

1. Introduction
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1. Introduction

Courtesy of TISCO 
/CN, hot rolling 

stainless steel 
plate mills, 2018
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Courtesy of Sandvik Stainless Services

1. Introduction
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1. Introduction
Steel is an iron based alloy containing 

Carbon, Silicon, Manganese etc., 
http://steel.nic.in/Glossary-I.pdf

Steel is an alloy of iron and carbon. The amount of 
carbon dictates whether a steel is hard or it is tough. 
C content in steel  usually falls a range between 0.3 ~ 

1.5 %  by volume, 
http://www.ksky.ne.jp/~sumie99/ironandsteel.html

See also comprehensive databases such as: 
www.totalmateria.com

http://steel.nic.in/Glossary-I.pdf
http://www.ksky.ne.jp/~sumie99/ironandsteel.html
http://www.totalmateria.com/
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The Fe-C (Fe-Fe3C) diagram

Fe - Fe3C

Fe - graphite

Fe3C (metastable cementite) →
3 Fe + C (graphite)

Steels Cast

irons
1. Introduction
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Autostrada del Sole, first open section 1958

Weathering steel COR-TEN trademark of United 
States Steel Corporation (USS): by amount of Cu, P Si 
and Cr, can develop under favourable climatic 
conditions a patina of hydrated Fe oxide retarding 
further attack. Long dry summer periods required.

A22, Autobrennero, 1974 A2 (CH), Chiasso 
boundary, 2014

Hot galvanizing + powder coating

1. Introduction
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Cast irons:

Class of ferrous alloys
with C  2.14 %
Most contain 3.0 %  C 
4.5 %
Lower Tm (1150 °C -
1300 °C) than steel
Easily melted and 
amenable to casting
Based on the reaction
Fe3C → 3 Fe + C
Tendency to form
graphite regulated by 
composition and rate of 
cooling

Spheroid-graphite cast iron shielding blocks, LHC-R2E project. 
436 t procured from NV Ferromatrix /BE. 

1. Introduction
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Maurer diagram (1924)
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()-ferrite: a 
limited domain

200 µm

2. Metallurgy - Phases, 
properties, microstructures

o bcc, non-compact (32 % empty space)

o available small but numerous interstitial
sites

o faster diffusion

o smaller CTE

o ferromagnetic under Tc

o DBTT (ductile to brittle transition T)

o limited ductility, high strength

o high Young’s modulus

o yield strength well defined

Source: 
World Steel 
Association 

AISBL
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-ferrite: 0.013% C steel, finish rolling at 940 °C (left) 
or 845 °C (right) and coiled at 725 °C. Ibidem 

-ferrite in stainless steel welds. 
Ibidem

-ferrite stringers in 17-7 
PH stainless steel after hot 
and cold processing. 
Source, ASM Handbook, 
Volume 9, Metallography 
and Microstructure

-ferrite in a 
URANUS 45® 

duplex stainless 
steel and its 
welds (TDE 

beam dump at 
LHC Point 6), 

EDMS 1900857

-ferrite under the form of 
stringers and as precipitated in a 

LS2 repair weld of a stainless 
steel LHC diode box (magnet 

2303) – EDMS 2083070

https://edms.cern.ch/document/1900857/1
https://edms.cern.ch/document/2083070/1
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80 µm

-austenite: 
solid solution 
of C in -iron

Source: ASM 
Technical Books, 
Steels
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-austenite

o fcc, compact (24% empty space)

o available larger interstitial sites

o slower diffusion compared to bcc

o larger CTE

o paramagnetic

o absence of DBTT

o weaker Young’s modulus

o high ductility

o ill-defined yield strength

Source, ASM Handbook, 
Volume 14, Forming and 

Forging

2. Metallurgy - Phases, properties, 
microstructures
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2. Metallurgy - Phases, properties, 
microstructures

The eutectoid transformation: pearlite

Cementite in an as-hot-
rolled Fe-1%C binary alloy 
(arrow) The etch also 
colored the cementite in 
the pearlite. 
Source, ASM Handbook, 
Volume 9, Metallography
and Microstructure

"True" Damascene blade. 
The Damascene (or 

water) pattern comes 
from a striated 

precipitation of Fe3C 
particles and not from 

folding and welding

Source: Science et génie des 
matériaux, W. Callister
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Hypoeutectoid
steels

25 µm

2. Metallurgy -
Phases, 

properties, 
microstructures

Source: Science et génie des 
matériaux, W. Callister

Source: Metallurgia
by W. Nicodemi
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Hypereutectoid steels

25 µm

2. Metallurgy -
Phases, 

properties, 
microstructures

Source: Science et génie 
des matériaux, W. Callister

Source: Metallurgia
by W. Nicodemi
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2. Metallurgy -
Phases, 

properties, 
microstructures

Source: Metallurgia
by W. Nicodemi (from Sauveur)
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Alloy supercooled to 
below the eutectoid

3. Steelmaking practice
Heat treatments and practice

Source: Science et génie des matériaux, W. Callister and Materials Science and Engineering: 
An Introduction, W. Callister and D.G. Rethiwisch (here and similar diagrams)
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Isothermal heat treatments 3. Steelmaking practice
Heat treatments and practice
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3. Steelmaking practice
Heat treatments

Bainitic transformations:
a fine non-lamellar structure, 
consisting of cementite and 
dislocation-rich ferrite.

© 2011 - 2024 Nichiken Yamabushi

Source: 
Hanwei Forge
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Continuos cooling (CC) 
transformation diagrams, 
eutectoid steel

o Isothermal treatments not 
practical

o CC to RT generally applied
o Isothermal treatment

diagrams to be modified
o Reactions delayed for CC 

conditions →

o Curves shifted to longer 
times and lower T

o Structures (fine, coarse) 
controlled by cooling rate

eutectoid composition

domain of bainitic
transformations

3. Steelmaking 
practice

Heat treatments
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Transformation to 
martensite, eutectoid
steel:

For CC of steel:

o Critical quenching rate 
exists

o Producing totally
martensitic structure

o Missing the "nose" at 
which pearlite begins

o Very low quenching rates 
can develop 100 % pearlite

o Intermediate → pearlite + 
martensite

3. Steelmaking 
practice

Heat treatments
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3. Steelmaking 
practice

Heat treatments

A constructional steel
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An air-quenchable steel
3. Steelmaking 

practice
Heat treatments
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Martensitic transformations

20 µm

3. Steelmaking practice - Heat treatments

Source: Science et génie des matériaux, W. Callister

Source: Metallurgia by W. Nicodemi
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Applicable to as-quenched structures: 

• C confers hardness
• Excessive hardness → brittleness
• Tempering applicable

Martensitic transformations

3. Steelmaking practice - Heat treatments
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Hardness can be decreased by 
time and T (tempering)

Tempered martensite 
reverts back to ferrite 

and cementite

3. Steelmaking practice
Heat treatments

Source: Materials Science and Engineering: An 
Introduction, W. Callister and D.G. Rethiwisch
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3. Steelmaking practice
Heat treatments - exercice

Which one creates a Kanata’s sword?
(a), (b) or (c)?
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"Heat treatment of steel"

Ordinarily intended for producing martensitic
steels

Treatable steels referred as:
"Vergütungsstähle"
"Aciers d’amélioration" 
"Heat treatable steels"
"Acciai da bonifica"

Successful treatment depends from:
• Steel composition
• Type and character of quenching

medium
• Size and shape of the specimen →
• Hardenability Jominy

3. Steelmaking practice
Heat treatments

http://www.youtube.com/watch?v=lmUtDkmfeRw&feature=related
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3. Steelmaking practice
Heat treatments – Jominy test

31

Source: Materials Science and Engineering: An 
Introduction, W. Callister and D.G. Rethiwisch



3. Steelmaking practice - Tailoring the properties of heat treatable 
steels
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Increasing
hardness
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Predominantly C-Mn steels

o Ferrite-pearlite microstructures
o Plates and sections
o Up to several hundred mm thick 

(HR)
o Includes also low-alloy grades 

quenched and tempered in order 
to provide yield strengths up to 
about 700 MPa

o Weldability: a key issue since the 
40ies →

Strength, ductility, toughness

liberty_ships

4. Case study: ductile to brittle transition
Pictures from Earl R. Parker, Brittle Behavior of Engineering 

Structures, National Academy of Sciences, National 
Research Council, John Wiley & Sons, New York, 1957

http://www.youtube.com/watch?v=B6lJZ__gXAM
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Hall & Petch relationship

DBTT

4. Case study: 
ductile to 

brittle 
transition

Source: Najafi-Zadeh, A., Jonas, J.J. & Yue, S. Grain 
refinement by dynamic recrystallization during the 
simulated warm-rolling of interstitial free steels. 
Metall Trans A 23, 2607–2617 (1992) 
https://doi.org/10.1007/BF02658064

https://doi.org/10.1007/BF02658064
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4. Case study: ductile to brittle transition

Courtesy of Zwick Roell

750 J

50 kJ

Source, ASM Handbook
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4. Case study: hydrogen embrittlement

The Grande Dixence Dam is the tallest gravity dam in the 
world. It is part of the Cleuson-Dixence Complex. The dam 
fuels four power stations, totaling the installed capacity to 
2,069 MW. This enables the output of two large nuclear 
power plant to be fed into the high voltage grid in just three 
minutes
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4. Case study: hydrogen embrittlement
“On December 12, 2000, the three groups at the Bieudron plant 
were put into service around 7 a.m. and operated normally 
throughout the day. The order to stop them (stopping production) 
was given between 8:02 p.m. and 8:03 p.m. by the EOS control post 
in Lausanne, in accordance with customary practices in this area. 
From 8:06 p.m., there was no longer any flow in the shielded well. 

At 8:09 p.m., the measuring devices monitoring the development 
detected a sudden drop in pressure in the balance chamber and a 
very significant increase in flow rate in the well, which caused 
the Tracouet head valve to automatically close, downstream of 
the chamber, closure which ended around 8:11 p.m. 

At the same time, an electrician foreman on standby that day 
received an alarm on his radio, while at the nearby Nendaz
factory, and then saw water falling from the mountain, which led 
him to alert his superiors. He then joined the hydraulic room of the 
Bieudron factory, where he manually closed the head valve of the 
Grande Dixence dam in order to secure the installation. 

Between 8:09 p.m. and 8:14 p.m., part of the water found in the 
balance chamber as well as that found in the section of the armored 
well between Tracouet and a point located some 350 meters 
downstream from the Perua window , at an altitude of 1234 meters, 
emerged on the surface, the well being, at this location, buried at 
a depth of approximately 60 meters. According to estimates, 
between 25,000 and 40,000 m3 of water gushed into the open air, 
after rushing into a 9 meter long tear.”
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4. Case study: hydrogen 
embrittlement

« (…) a hardened steel with a high 
elastic limit (HLE), in particular type S 
890 QL” was used “to create such a 
well.” Prior studies “showed that the 
weldability of the S 890 QL steel was 
very satisfactory and that submerged 
arc welding (AS) presented a slight 
superiority over the other welding 
processes evaluated and likely to be 
used, namely manual welding with 
coated electrode (E) and metal arc 
welding under shielding gas (MAG). They 
also highlighted that the content of 
diffusible hydrogen in the welds 
appeared to be one of the causes of 
cracking of the latter, therefore 
recommending their postheating to 
250 °C (…)”

“In December 2000 there was a 
catastrophic collapse of the steel 
lined shaft at the Cleuson Dixence
Scheme in Switzerland. This pipe 
was fabricated by using high 
strength steel grade S 890 Q 
which had never been done 
before. Comprehensive 
investigations about this failed case 
revealed that the collapse was 
caused by the presence of large 
cracks in the welds. These cracks 
had appeared due to the fact that 
the welding and testing procedures 
they applied did not take into 
consideration the much higher 
sensitivity of high strength steel 
grades against crack formation 
during the welding process.”

 From: "Tribunal federal, Arrêt du 7 
janvier 2009, Cour de droit pénal"

 From: High Strength Steels for 
hydropower plants, Design & 
Concepts – Pressure Conduits, 18-
20/09/2013, Graz, Austria, Proc. 3rd 
Int. Conference

S 890 QL 
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4. Case 
study: 
collaring 
press

Source: Böhler catalogue –
programme de vente 2001

S Izquierdo Bermudez et al 2019 Supercond. 
Sci. Technol. 32 085012
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4. Case study: 
collaring press

Supplied condition: prehardened & quenched

Process:
o Rough machining
o Stress relieving at T  Ttempering – 100 °C
o Fine machining
o Low T heat treatment at T  Tcuring + 100 °C 
o Finishing
o Zn-coating (corrosion resistance, surface hardness)

Source: Böhler catalogue –
programme de vente 2001
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4. Case study: yield and formability

Courtesy of Thyssenkrupp AG

Typically “Ultra Low 
Carbon (ULC) Interstitial 

Free Steels”
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4. Case study: yield and formability

Strain Aging: “A phenomenon that occurs in some materials following 
plastic deformation. In low-carbon steel sheet, strain aging results in a 
return of discontinuous yielding, an increase in yield strength and 
hardness, and a decrease in ductility without a substantial change in 
tensile strength.”

If the steel is not pressed within a specified time after skin passing, 
removing the yield point, strain aging will result in the return of the yield 
point 

skin passing

strain aging

http://vimeo.com/4586024

Also AlMg alloys et al.: see 
I. Aviles, Non Ferrous Materials, 

later today 

Source: M. Meyer, Lüders Bands in Steel

http://vimeo.com/4586024
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1. Ferrous alloys - a complex family of materials

2. Understanding properties:
• Influence of alloying elements

• Effect of heat treatments

3. Several equilibrium and non-equilibrium phases
• predictable from the phase diagram (, , Fe3C…)

• or due to diffusionless transformation (martensite)

• susceptible to be shaped by HT

4. The Fe-Fe3C diagram basis for the understanding of the metallurgy of ferrous 
materials
• Properties mainly conferred by HT

• Properties predictable and tailored on the basis of steelmaker information, or specific dedicated 
tests (Jominy)

5. Martensitic transformation are at the basis of treatment of “heat treatable” steels

5. Conclusions


