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Abstract

The historical development of structural steels and their main require—
ments are presented. The reduction of the carbon content and the use of
microalloying and alloying elements for grain refinement as well as for
precipitation and solid solution hardening led to HSLA steel grades with good
toughness and weldability. Modern technologies in steelmaking, hot rolling
and heat treatment in combination with the chemical composition are used for
an economical production of plates with special requirements. The rules and
recommendations For fabrication are mentioned. Cumulative frequencies of
mechanical properties and some examples of completed structures show the
successful application of microalloyed steels.
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Introduction

At the present time high strength low alloyed (HSLA) steels are readily
available. These steels have good resistance to brittle fracture and a
favorable behavior during manufacture. This review outlines the development
of these steels by pointing to the importance of alloying, rolling and heat
treatment. The transfer of fundamental physical metallurgical knowledge into
the production of hot rolled microalloyed steels is discussed. This transfer
takes place by means of modern steel making and rolling procedures and it is
shown which level of properties can be achieved in large scale production.
The behavior during manufacturing is illustrated by some characteristic
examples.

Historical Development

The main requirements for structural steels are high strength, brittle
fracture resistance and favorable processing behavior. This combination of
properties has only recently been achieved; but the development of structural
steel started in 1845, when puddle steel replaced cast iron for the first
time (Figure 1). The application of welding in construction together with the
basic knowledge that was gained by the investigation of metal failures have
determined the development of structural steels to a large extent leading to
a restriction of carbon content, the fixing of soluble nitrogen and the
refinement of microstructure.

1000

900 — > — - -

800

700

[=2]
=
[=1]

~
[=]
o

Yield strength, N/mm?

300

200

[=— Cast iron ~=t=-Pyddle steel =t=-Coarse grain sleel Fine grain

100 steel

n

1800 1845 1890 1929 1955 2000
Year

Figure 1. Historical development of structural steel plate.
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Well-known failures have occured to bridges and in ships; the bridge at
the Station zoo in Berlin collapsed in 1936 and even in 1962 heavy damage was
reported at a bridge in Melbourne, Australia. In the years 1942-1949 cracked
Liberty - ships revealed inadequate weldability and poor toughness of the
selected steel (1, 2). These experiences and findings led in Germany to the
development of the steel 3t 52-3 which has a minimum yield strength of 355
N/om2. The weldability of this steel was mainly obtained by the restriction
of carbon to about 0.20 percent. The toughness was improved by the addition
of about 0.030 percent Al which gave grain refinement by Ald-particles.
Similar developments led ¢,z. in the United Kingdom to microalloyed steels (3
= 5) which finally resulted in steel grade 50 D of BS 4360 (6). This cor-
responds in France to NFA 35-501, E 36, and so on. The steel st 52-3 was the
starting point of the development of microalloyed steels. Their yield points
and impact transition temperatures are schematically (7) shown in Figure 2
The following section deals with the influence of alloying elements and
impurities on the properties of structural steels.

Alloying and Metallurgical Treatment

Carbon was, at the beginning of the development of structural steels, the
most important alloying element required to achieve the tensile properties.
However, increasing the carbon content means a higher proportion of pearlite
in the microstructure and this affects considerably the formability and the
toughness of a steel (Figure 3) (8). Therefore, the carbon content must be
reduced as far as possible to reach a high degree of toughness. Obtaining
strength without affecting the toughness is possible by alloying with ele-
ments such as manganese, nickel and silicon. They substitute iron in the
solid solution which is the basis of the steel. The favorable influence on
strength and toughness of an increased manganese content at constant carbon
concentration is shown in Figures 4 and 5 (9). Within the range of 05 to
15 percent manganese the increment of yield strength by the addition of 1
percent manganese amounts to about 50 N/mm?2. Additionally, these Figures
show the influence of grain size on the toughness characteristics. The fine
grain steel reveals a much better impact transition temperature T27; compared

to the coarse grain steel, the difference is about 5. Besides, this fine
grain size increases the yield strength by about 20 N/ma?, whereas the
tensile strength is not altered significantly.

An improvement of the toughness behavior at constant strength is also
possible by lowering the carbon content and the subsequent loss of strength
can be balanced largely by increasing the manganese content. The influence
of the manganese to carbon ratio on the mechanical properties is evident from
Figures 6 and 7 (10). It must be emphasized that above 2 percent manganese,
even with low carbon contents, both the yield strength and the impact transi-
tion temperature deteriorate. This is caused by the precipitation of cemen-
tite on the grain boundaries.

For large scale production, a ratio of 1.75 percent manganese to 0.10
percent carbon may be applied. A content of 0.03 percent niobium will give
intensive grain refinement. Such a steel has a minimum yield strength of 355
N/mm?, However, compared to conventional steels of this strength level, its
toughness and weldability are remarkably better.
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From time-temperature—transformation diagrams it is known that nickel
retards the transformation of austenite even more than manganese. Therefore,
the v fu transformation after normalizing takes place at a lower temperature.
This causes a certain grain refinement of the microstructure and consequently
the yield strength and the toughness are improved. This consideration
applies for nickel concentrations up to about 0.5 percent. The strengthening
by solid solution of nickel is negligible. Due to influence of nickel on the
transformation behavior, the microstructure of steels containing about 0.6
percent nickel contains a substantial portion of bainite produced during air
cooling from the normalizing temperature. This applies mainly for relatively
light plates of about 10 wm thickness which cool fairly rapidly. They may
then have to be annealed to obtain favorable properties.

Good characteristics are achieved by the combined alloying of copper and
nickel. The copper content should be balanced by an equal quantity of nickel
to avoid hot shortness. The influence of copper on the yield strength is
shown in Figure 8 (11). Copper gives precipitation hardening and this is
most effective in the range of 04 to 1 percent copper. Sometimes, after
normalizing, the copper will not be precipitated totally. In these cases the
full increment of yield strength will only be achieved after annealing at
about 450 C. An advantage of strengthening by copper instead of carbon is
the fact that copper contributes only slightly to the hardness of the heat
affected zone during welding. Finally, it must be mentioned that copper
increases the yield strength at elevated temperature as well.

The alloying elements chromium and molybdenum play an important role
especially with regard to the transformation behavior and the formation of
alloy carbides. This means that chromium and molybdenum additions up to about
05 percent increase the tensile properties of normalized steels. They
improve substantially the yield strength at elevated temperatures. The
combined application of these alloying elements makes it possible to achieve,
in the normalized condition, a yield strength up to about 500 ¥/az? at
ambient temperature and up to about 255 N/me? at 400 C. This cannot be done
without microalloying elements (Figure 9) (11). The range of yield strength
indicated for normalized steels in this Figure, covers the field within which
this type of steel attains optimum properties concerning strength, toughness
and behavior during manufacture. This limitation applies accordingly to
steel types which are normalized and tempered or quenched and tempered.

The so-called ferritic-pearlitic steels which contain such elements as
chromium, molybdenum or nickel, have a significant amount of bainite within
their microstructures. They are, therefore, usually tempered between 600 and
700 C after normalizing. Since copper, like chromium and molybdenum, im-
proves the yield strength at elevated temperatures, it can be used to re-
strict the contents of chromium and molybdenum in normalized plus tempered
steels. This substitution favors the toughness behavior and the weldability
of these steels.

The microalloying elements niobium, vanadium and titanium which precipi-
tate in fine dispersions of carbides, nitrides or carbonitrides increase the
strength. This is unfortunately accompanied by a corresponding toughness
reduction. The amount of strengthening depends on the quantity, size and
distribution of precipitated particles. Microelements are most effective iIn
thermomechanically treated steels. This is discussed in other papers of this
book in detail (12, D).
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During the transformation fromy - to o —iron the dispersion of precipi-
tated carbides and nitrides leads, through nucleation, to the formation of a
fine grained microstructure and retards grain growth during following heat
treatments. The correlation between the concentrations of the microalloying
elements and the grain size in the normalized condition is shown in Figure 10
(@%. Niobium is most effective, whereas vanadium does not give grain
refinement in normalized steels. Titanium gives a fine grain, but nowadays
contents of more than 0.8 percent are used only with steels for cold formed
parts such as truck frames. The main reason why titanium is not used in
higher concentrations in structural steels, is the difficulty to maintain the
narrow range of normalizing conditions to get good toughness properties. If
the normalizing temperature is exceeded, titanium carbides are dissolved and
thus grain growth is not retarded. During the subsequent cooling the preci-
pitation of titanium carbides causes an intense hardening. The formation of
coarse grains and precipitation hardening result in poor toughness proper—
ties.

In contrast to high titanium concentrations, lower contents of about 0.03
percent are favorable with regard to behavior during manufacture. At such
low titanium concentrations very few titanium carbides exist but mainly very
small titanium nitrides are formed. They are able to retard effectively
grain growth at high temperatures. Thereby the formation of coarse grain in
the heat affected zone during high heat input welding is largely surpressed,
a situation which gives good toughness properties (15). The influence of
niobium and vanadium on the mechanical properties of C-Mn-steels, rolled and
normalized 12 mm thick plates, is indicated in Figure 11 (16). Through the
addition of 0.15 percent vanadium the yield and tensile strength increase is
about 100 N/mm2, while the impact energy at -20 C is deteriorated to 50
percent of the value of the plain C-Mn-steel. It can be seen that precipita-
tion hardening by vanadium is very effective in a light plate thickness of 12
mm even in the normalized condition. Alloying with O.05 percent niobium
increases the yield and tensile strength by about 50 N/mm?, but the impact
energy is only slightly affected. This is because niobium acts in normalized
steels mainly through grain refinement and much less through precipitation
hardening. The combination of 0.15 percent vanadium and 0.06 percent niobium
results in tensile properties which correspond to the values of the vanadium
alloyed steel, but due to grain refinement through niobium the impact energy
is far higher than with the steel alloyed only with vanadium. Besides this
example, there are further data available on the influence of microalloying
elements on the mechanical properties of high strength low alloyed steels
(17-21)

Sulfide, Oxide and Hydrogen Control

An important process for improving the toughness of a steel is the
removal of nonmetallic inclusions. To achieve low sulfur contents, to
control the shape of sulfides and to improve deoxidation, there are several
different metallurgical procedures.

The desulfurization of large quantities of hot metal can take place in
torpedo-ladles or other ladles through injection of mixtures of calcium
carbide and gas producing agents (22). This results usually in sulfur
contents between 0.010 and 0.020 percent, but it is possible to achieve even
lower sulfur contents. Desulfurization can also be done effectively by
stirring calcium carbide or limestone into the hot metal. The sulfur content
can then be reduced easily below 0.006 percent. However, the capacity of
stirring installations is lower than that of injection plants.
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The injection treatment of steel has been developed at Thyssen-Niedetr-
rhein AG (23). Starting from usual sulfur contents, concentration as low as
0.002 percent can be attained. After teeming, calcium or magnesium compounds
are injected into the steel within the ladle. Besides desulfurization and
deoxidation, this process supplies another positive effect; the element
calcium increases the hardness of any remaining sulfides, so that, during hot
rolling, no elongated sulfide bands occur. In this way the anisotropy of
mechanical properties of the rolled products is reduced.

Vacuum degassing removes the hydrogen. The treatment according to the
RH-process (24) makes the temperature and the chemical composition within the
steel ladle homogenous and improves the removal of nonmetallic inclusions.

The influence of various sulfur contents on the toughness of about 20 mm
thick plates of the shipbuilding steel EH36 is shown in Figure 12 (25). The
heat for the plate with the very low sulfur content was calcium treated hy
means of the TN-process. The difference between transverse and longitudinal
impact za=rgzy values is only slight. The ratio of transverse to longitudinal
values amounts to 50 percent only even for sulfur contents of 0.018 percent.
Desulfurization to concentrations about 0.010 percent sulfur without any
sulfide shape control leads undoubtedly to an improvement in toughness, but
it is not at all as effective as the TN-treatment.

The behavior of plates during loading in the through-thickness direction
can be evaluated by the reduction of area of tensile specimens, taken perpen-
dicularly to the plate surface. The reduction of area in the through-thick-
ness direction that is required to void lamellar tearing, depends on the
occurring stresses (26). The influence of the sulfur content of plates on
their reduction of area in the through thickness dirsction s shown in Figure
13. As it is with the toughness, the best values are from those steels that
are TN-processed.

Plate Rolling and Heat Treatment

Besides alloying, rolling and heat treatment play the most important
roles regarding optimization of structural plate properties.

In the early years of plate production, the rolling process has been
exclusively used to break down ingots or slabs to the desired form and
dimension of the finished plate. However, it soon became rather obvious that
the deformation process itself had a certain effect on microstructure and
therefore on plate properties. Today, basically three rolling procedures are
applied in practice, having in common that they take increased advantage of
the influence of time, temperature and deformation on the recrystallization
process transformation and precipitation behavior of steel. The basic objec-
tive is to achieve a high degree of grain refinement combined with a con-
trolled amount of precipitation strengthening (27). In all three procedures,
niobium plays an important role mainly as a grain refiner.

The behavior of the austenite grains during three rolling procedures is
schematically shown in Figure 14, with the time—temperature correlation shown
in Figure 15. The three different rolling processes can be described as
follows:
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Normal Rolling (¥R)

NR is characterized by high rolling temperatures with corresponding low
resistance to straining of the material. This results in short rolling times
and therefore high mill productivity. The starting austenite grain size is
coarse, deformation is followed by immediate recrystallization and grain
growth. The final microstructure is a coarse ferrite/pearlite Widmannstatten
structure which is improved by a normalizing treatment to refine the grain
structure.

Controlled Rolling (CR)

In our consideration CR or rolling with controlled temperature is
thought as a replacement of the normalizing process giving equivalent mechani-
cal properties and a better plate surface. The procedure is characterized by
a certain amount of deformation just above the Ar3 austenite/fecrite transfor-
mation temperature.

Thermomechanical Treatment (TM)

TM is generally characterized by a high amount of deformation (3 to 5
times the final plate thickness) below the recrystallization temperature of
austenite. As a result of such a low finishing temperature the fine austen-
ite grains are heavily strained and therefore transform into an exceptionally
fine farrite/peaclite microstructure. In this context niobium plays an
important role, since it retards the recrystallization effectively and at
small additions.

Due to the low rolling temperatures, the time necessary to produce plate
is even longer than for controlled rolling. For the steel grades considered
here, thermomechanically treated plate is not yet widely applied. However,
the process is widely used in combination with normalizing to improve proper—
ties of normalized steel grades as will be demonstrated later.

The resulting microstructure, when applying the described rolling
procedures and after normalizing, are shown in Figure 16. The change from
Widmannstatten structure to the very fine grained microstructure after
thermomechanical treatment is obvious. The normalized microstructure and the
ferrite grains are more uniform.

It has been known for a long time, that repeated normalizing further
improves structural steel properties, in particular toughness. In this
context the importance of microstructure such as grain size, dislocation
density and state of precipitation prior to heat treatment becomes obvious.
With the introduction of controlled rolling or thermomechanical treatment a
tool has been provided to influence this austenite structure. Even though it
is correct that it is principally applicable also for aluminum killed, not
microalloyed steels, its advantage becomes more pronounced in the presence of
niobium with its strong influence on the as rolled microstructure and its
high amount of precipitation in the austenite.

To what extent a proper austenite conditioning prior to normalizing can
influence microstructure and related properties of the finished product is
shown in Figure 17 (28). A medium C-Mn-Nb-steel of the type st& 355 has been
rolled to various rolling schedules and then normalized. The results show
that with increasing rolling severity (lowering of finishing temperature) the
properties are improved.
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Even though the normalizing eliminates precipitation hardening, the yield
strength increases from 360 to more than 400 ¥/a? due to extra grain refine-
ment, partially inherited from the as rolled microstructure and partially
caused by control of the austenite grain size due to niobium carbide precipi-
tation during the normalizing process.

By the same token, both the 50 percent FAT-Temperature and the Nil-
Ductility-Transition-Temperature (¥DT) are improved. As will be shown later,
this production route is a suitable way for fabrication of LPG-steels.

Not only in the case of steels for low temperature service, but also for
improvement of hot strength, niobium is a suitable alloying element. This is
demonstrated by a comparison of early British data (29) referring to silicon
killed, aluminum killed and niobium treated steels, upper part of Figure 18.
However, a remarkable further improvement of elevated temperature strength
was reported recently (30) in the case of applying controlled rolled steels
rather than normalized ones, other things being equal. Even at 400 C,
normally the upper limit for applying microalloyed steels, the strength of
thermomechanically treated medium C-Mn-Nb steel is still higher than that of
a low C-Mn-Nb steel in the normalized condition. Naturally, the latter steel
in the same condition (TM-treated) has, at about 500 C, still the same
strength level as the former steel at 400 C. The same considerations apply
to the creep strength of both steels in both conditions.
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Since most specifications do not yet allow application of such steels in
the thermomechanical treated condition, the obvious advantage of the combina-
tion of niobium alloying plus rolling can be used only in non-certified
structures. In this context, niobium alloyed steels have been used with
great success for instance for BOF vessels, where the maximum allowable shell
temperature was increased to 350 C without running the risk of shell deforma-
tion. The advantage was a longer operating period of the vessel due to
allowable lower minimum refractory wall thickness.

As far as the mechanism for the improved strength at high temperature is
concerned, it is thought that the incomplete precipitation of niobium carbide
in the as rolled condition leads to further precipitation on dislocations
during operation at high temperature and related creep strengthening.

To support the tendency towards applying steels in the as rolled condi-
tion, data have been established to demonstrate the correlation between
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alloying concepts and necessary rolling schedules (31). As Figure 19 shows,
the maximum strength by niobium is reached at around 0.03/0.04 percent Nb for
the given rolling conditions, a fact that is well known. Lowering of finish-
ing temperature gives only a marginal strength increase independent of
niobium content.

Concerning toughness improvement the situation is somewhat different. To
achieve equivalent transition temperature e.g. FATT = -60 C, there exists a
choice between a very low niobium content (0.008%) and low finish rolling
temperature (750 C) or rather high niobium values (0.12% Nb) and no or very
limited controlled rolling (920 C) and other possibilities between these
extremes.

A further method of improving structural steel properties is the intro-
duction of accelerated cooling after rolling (32)., The correlation between
steel plate properties, rolling and cooling conditions and alloy design are
shown in Figure 20. Also, austenite conditioning, enhanced by niobium
additions prior to cooling remarkably increases strength without impairing
toughness at all. Recent developments in this field have led to the instal-
lation of on line accelerated cooling devices in Japan (33).
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A further measure to improve the strength of structural, microalloyed

steels is tempering or aging after rolling or normalizing.

This is in

particular known in Mo-Nb or V-steels (34, 35), where the influence of
molybdenum on austenite/ferrite transformation suppresses coarse precipita-

tion during transformation.

A subsequent tempering at around 600 C leads to

a remarkable strengthening effect due to precipitation hardening and anneal-

ing of low transformation temperature products.

The effect is more pro-

nounced in the thermomechanically treated plus tempered than in the normalized

plus tempered condition.

A consequent pursuing of this behavior and taking

advantage as well of the influence of copper precipitation has led to the

development of Nicuage steels (36).
shown in Figure 21.

Their response to aging treatment is
It is interesting to note that aging of the thermo-

mechanically treated material between 550 C and 650 C, one hour, improves

yield strength with no influence on the transition temperature.

However, the

Charpy-V-Notch energy is even improved in this range by annealing of the

bainite-martensite constituent.

Higher aging temperatures lead to a "dual-

phase" structure with the occurrence of untempered martensite areas causing
deterioration of toughness and yield strength.
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Applications
Steel structures are exposed to different loads and service conditions.

This requires a variety of steel grades to find, for a particular applica-
tion, the optimum economic and technological justification.

Structural Steels

For structural purposes plain C-Mn-steels with 235 to 355 N/mr? minimum
yield strength are usually applied. These steel grades are standardized in
many countries. They have proven their usefulness for more than 30 years
(Table 1). Plates, wide flats, flanged beams and other profiles of these
steels are produced. Fine grained, normalized steels are applied for struc-
tures such as pressure vessels, fixed or mobile storage tanks, pen stocks,
bridges, dolphins, masts and derricks as well. as complete offshore struc-
tures.

The fine grained steels reveal some advantages compared to plain C-Mn-
steels. The restriction of the carbon content of these steels results in
good toughness and weldability. The microalloying elements make it possible
to achieve a yield strength around 500 N/mr? , without exceeding a carbon
level of about 0.20 percent. Plates of these steels allow a relatively light
structural design that reduces the internal stresses of welded joints and
increases the resistance against brittle fracture. The simultaneously
obtained weight savings are most advantageous for mobile structures. The
normalized fine grained steels cover the range of minimum yield strength from
255 to 500 N/mm? and they can be used for service temperatures from about -20
C to 400 C. The steel grades StE 355 and StE 460 according to German standard
or the corresponding steel grades in other countries, respectively, are the
most important normalized fine grain steels (Table 1) (37).

The steel grade StE 355 can be produced without microalloying element,
but small additions of niobium improve the microstructure and thus the speci-
fied tensile and toughness properties are more easily achieved. The niobium
alloyed steel is particularly suitable for the type of controlled rolling
that is equivalent to the normalizing treatment. Intensive controlled
rolling on the other hand is a thermomechanical treatment such as is applied
for rolling steels for large diameter pipes. Controlled rolling that substi-
tutes normalizing can be done with plates of the mentioned steel in thickness
up to about 60 mm. Figure 22 shows the mechanical properties of up to 50 mm
thick plates. A node manufactured of this steel grade with high through
thickness properties is shown in Figure 23.

To achieve a minimum yield strength of 460 N/mx? the steel is nickel and
vanadium alloyed and the carbon content must not exceed 0.20 percent with
regard to the weldability. The aluminum content is limited to 0.020 percent
and nitrogen is increased to about 0.015 percent to get full advantage of the
precipitation hardening through vanadium. There is another variety of a
steel grade with 460 N/mm® minimum yield strength; this steel has a reduced
carbon content of max. 0.15 percent. The carbon reduction is balanced by
around 0.60 percent copper which gives precipitation hardening. The vanadium
content is kept below 0.10 percent by means of an addition of about 0.03
percent niobium. This copper—nickel-microalloyed steel reveals essentially
better toughness and weldability than the only nickel-vanadium alloyed 3tE
460. Figure 24 shows mechanical properties of plates made of this improved
steel. A 800 t floating derrick of this steel grade is shown in Figure 25.

A special pressure vessel of a HSLA steel with 500 N/mm® yield strength
appears in Figure 26.
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Figure 26. Spherical pressure vessel of HSLA steel with
500 N/m? yield strength.

Shipbuilding Steels

The normal strength shipbuilding steels which are not microalloyed have a
minimum yield strength of 235 N/mr (Table 1).

The high strength shipbuilding steels may contain up to 0.05 percent
niobium and/or up to 0.10 percent vanadium. Normally these steels are
niobium alloyed. For weldability the carbon content is limited to max. 0.18
percent. Generally these steels are normalized. The approval to substitute
normalizing by controlled rolling is given by some Classification Societies
under certain conditions.

Cryogenic Steels

Low temperature ferrite/pearlite structure steels can be applied at
service temperatures down to -55 C. Their yield strength is in the range of
235 to 355 N/m® . They are mainly used for tanks to transport or to store
liquefied petroleum gas (LPG). The steels may contain up to 0.70 percent
nickel. Lower service temperatures such as for liquefied natural gas (LNG)
require steels with more nickel.

Steel grades with a minimum yield strength of 265 N/mz? respectively, for
use down to -55 C service temperatures may contain on average 0.10 percent C,
0.25 percent Si, 1.5 percent Mn and 0.040 percent Al. Depending on the
required strength level and the plate thickness additions up to 0.30 percent
nickel and up to 0.03 percent niobium are applied (Table 1). The extremely
fine grained microstructure, that gives the desired toughness, is achieved by
the combination of controlled rolling and subsequent normalizing. The
mechanical properties of plates that have been produced in that way are given
in Figure 27 (38). The main feature of these steels is the low NDT-tempera-
ture of -60 C that was determined according to ASIM E 208. Similar steel
grades have been developed elsewhere (39). Figure 28 shows a twin vessel for
an LRG tanker of a fine grained steel grade.
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Steels for Elevated Temperature

Low alloyed steels are used for vessels in the chemical industry as well
as for boilers and pressure vessels of power plants. These steels which are
in service at elevated temperatures, have usually a yield strength at 350 C
of p to 350 N/mr? . The chemical composition has been adjusted to the
applied heat treatment which may be normalizing plus annealing or quenching
in water or oil plus subsequent tempering. In the following, the properties
of three niobium alloyed steels for elevated temperature are described.

Heavy plates of the steel grade 13 Mn Ni Mo 54 are rolled in thickness up
to 150 mm and subsequently normalized plus annealed. The high yield strength
at elevated temperatures is based on the combination of the alloying elements
Ni-Mo-Cr. A further addition of 0.01 percent niobium supports the formation
of a fine microstructure even in the center of very heavy plates. Thus, the
differences of the mechanical properties between the surface and the center
are negligible (40).

The properties at elevated temperatures of the steel grade 15 ¥i Cu Mo Nb
5 are achieved through the combination of Ni-Cu-Mo. This steel does not
contain chromium, but about 0.02 percent niobium. The mechanical properties
of 50 to 120 mm thick plates are presented in Figure 29.
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Figure 28. Twin vessel for LPG - tanker of fine
grain steel.

A prerequisite with regard to the application of ferritic steels in
contact with austenite steels in sodium cooled nuclear power plants, is the
avoidance of carbon transportation from ferritic to austenitic parts. Sys-
tematic investigations about the carbon diffusion between niobium alloyed
steels which are based on the grade 10 Cr M 9 10, and austenitic steels
showed that the diffusion can be stopped. This occurs when the niobium
addition is sufficient to trap the carbon and the nitrogen of the steel
completely, that means niobium contents up to about 1 percent (41). The
toughness which would have been decreased with a sole niobium addition is
restored by the addition of 0.6 percent nickel. The steel grade 8 Cr M Ni
Nb 9 10 is used for example for parts in the primary circulation system of
nuclear power plants. The service temperature may rise up to 590 C.

Fabrication

The most important processes during manufacturing of structural steels
are hot and cold forming, cutting, machining and welding. Recommendations
for the manufacture of these steels are given e.g. in Stahl-Eisen-Werkstoff-
blatt 088, Technische Regeln fuer Dampfkessel (TRD), Technische Regeln fuer
Druckbehaelter (AD), Technische Regeln fuer Druckgasverordnung, ISO and ASME
Boiler and Pressure Vessel Code, British Standard 1501 and GAPAVE Service des
Mines.
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Figure 29. Cumulative frequencies of mechanical prop-
erties of plates of HIA steel for pressure
vessels at elevated temperature.

Some important facts from these rules and recommendations are mentioned
in the following.

Hot Forming

For hot forming, the plates should not be heated above 1050 C to avoid
heavy grain growth. Depending on the plate thickness, hot forming can be
done in several steps. Before the final step of hot forming takes place, the
plate should not be reheated above 980 C. The hot forming shall be finished
above 750 C. In case of a deformation less than 5 percent within the final
forming process, the finishing temperature may drop to 700 C. This consid-
eration excludes straightening and smoothing of the formed part.

A preheating before welding is necessary if the plate temperature drops
below +5 C. If the indicated plate thickness is exceeded, even at tempera-
tures above +5 C a preheating is recommended. It can be seen that the limit
of the plate thickness decreases with increasing yield strength.
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Minimum Yield Strength Limit of Plate Thickness

(N/mn? ) (mm)
< 355 30
> 355 to 420 20
> 420 to 590 12
> 590 8

The preheating temperature for tack welding and welding is between 80 C
and 200 C. If a strong susceptibility to cold cracking is indicated, it is
recommended to anneal the joints at 250 C immediately after welding. More
details about welding are given in another paper (42) in this book.

Cold Forming

Forming below recrystallization temperature is called cold forming. The
main processes for cold forming are bending, chamfering and dishing. Cold
forming should be performed below the highest allowable stress relief temper-
ature, because higher temperatures may cause deterioration of mechanical
properties.

Depending on the degree of deformation, cold forming changes the mechani-
cal properties (Figure 3). Small degrees of deformation lead to a loss of
yield strength, if stressing is carried out in the opposite direction to the
cold forming process (Bauschinger—-effect). Higher degrees of deformation
increase the tensile properties. The toughness is decreased at any degree of
deformation. After heavy cold forming the strength increment is released and
the toughness is restored by a stress relief treatment. This will give back,
nearly restore, but not completely, the original mechanical properties
(Figure 3). The rules demand therefore in certain cases a new normalizing
or quenching and tempering treatment.

Torch Cutting

During manufacturing, plates have to be thermally cut or edges have to
be prepared for welding by the thermal cutting. Preheating for plate tempera-
tures above +10 C is not necessary. At temperatures below +10 C a zone of
100 mm width along the edge should be preheated. If the edges will be cold
formed, a zone of 100 mm width along the cold formed edge should be preheated
to 120 - 200 C, even at temperatures above +10 C. If the edge becomes a part
of the structure, a preheating is recommended. If dynamic loads are envis-
aged at the edges, they must be machined.

Welding

The steels which are discussed in this paper are weldable by application
of any of the usual welding processes, using good procedures. The mechanical
properties in the heat affected zone of welded joints are mainly influenced
by the chemical composition of the steel as well as the time—temperature
cycle during welding. Good toughness properties in the heat affected zone
can be achieved above all through restriction of the welding heat input.
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Stress Relieving

Stress relief heat treatment after welding is recommended, if the type
of structure and/or the envisaged service loads make a relief of welding
stresses advisable due to lower residual stresses of the welded structure.
It is used mainly with plates thicker than 100 mm.

Along with the stress relieving treatment, it has to be considered that
a deterioration of the mechanical properties of the welded joint and the base
metal may occur. The reheating up to the determined annealing temperature
has to take place slowly. Figure 31 shows the influence of stress relieving
on the characteristics of steel grade 3tz 355 (43). During pressure vessel
fabrication, involving very heavy plates, the total duration of stress relief
annealing may amount to mors than 50 hours. For steel development this must
be taken into account to avoid degeneration of properties.
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Conclusions

A review has been presented of the role of niobium in structural plate
steels with a historical appreciation of the development and metallurgy of
structural steels. It is shown that grain refinement and precipitation
mechanisms can be promoted by niobium in C-Mn steels and that the addition of
other alloying elements such as Ti, V, ¥i, Cu, Cr and Mo can give additional
beneficial properties. Related development, in desulfurization and inclusion
shape control are described.

A detailed account of the physical metallurgy of plate rolling and heat
treatment is given, differentiating between conventional rolling, controlled
rolling and thermomechanical processing. The effects of these processes on
grain structure and mechanical properties is discussed. Considerable empha-
sis is placed on the optimization of mechanical properties by balancing steel
composition against steel processing and heat treatment variables.

A section devoted to steel applications has reviewed a wide range of
product applications including general structural components, ship plate and
low and high temperature steels. Finally some details of fabrication proce-
dures and process with respect to HSLA plate are presented which include hot
and cold forming, flame cutting, welding and stress relieving.
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