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Brief history of controlling cooling rate in cast steel

Steel history and its chronological progress have been reviewed from different aspects on many published papers, and books
and it can be found on many websites. However, one historical aspect of this topic, which has received limited attention, is the
gradual progress in knowledge of controlling cooling rate to get the desirable thermal and mechanical properties for the steel
products. This paper presents some evidence of understanding the effect of cooling rate on the material properties from Iron
Age era. It also discusses briefly the importance of determining optimimum cooling rate in enhancing the production rate.

The huge current steel industry has been built as a result
of enormous amount of research in different stages and
procedures of steel manufacturing over centuries. In nature,
iron is always in compounds or more precisely in iron car-
bide and some other type of alloys. Therefore, Iron Age is
associated with steel production and one may state the in-
terest on steel products has started since Iron Age when
man learned how to produce cutting tools and weapons out
of steel. It is hard to specify the time and location in which
human has started to apply the knowledge of controlled
cooling rate in optimizing the final steel products´ proper-
ties. But a review of the steel history brings forth the idea
of gradual progress of human understanding about the im-
portance of the influence of cooling rate in the manufac-
turing of the various products of steel.
Some believe the invention of iron tech-
nology was in the Mediterranean area
about 1500 B.C.. However, lack of abil-
ity to reach high temperatures delayed
the production of cast iron until a much
later time when the Chinese developed
the method of heating the steel up to a
melting point around 800 - 700 B.C. [1;
2]. Nevertheless, the trace of discovery
of steel can be found all over the world,
fig. 1.

Archaeological discovery of con-
trolling cooling rate from Iron Age

From the beginning, black smiths were
aware of basic factors in changing prop-
erties of many metals including steel.
They had skill to manipulate the steel’s strength and ductil-
ity properties via alloying containment, hot and cold
working of the steel products, exposing the hot metal to dif-
ferent cooling rate during casting or heat treatment, etc.
Although work hardening and alloy elements play impor-
tant roles in modifying the properties of the steel, the con-
figuration of the solid phases in steel can be optimized the
properties of the cast steel for a particular application.
Cooling steel from the austenite temperature may result in
different transformation sequences and the allotriomorphic
phase proportions such as ferrite, pearlite, Widmanstätten
ferrite, bainite and martensite [4]. Many phenomena which
control the density and arrangement of phases presented in
the steel microstructure are a function of time and tem-
perature. These phenomena determine the material proper-
ties of steel. The phase configuration is assembled during

heat treatment process and it depends on the number of
factors such as steel chemical composition, cooling process
parameters and some other key parameters in building
phase configuration. Effective cooling process parameters
on final microstructure configuration are the number of
cooling cycles during heat treatment, number of isothermal
steps, holding temperature at isothermal step, holding time
interval at isothermal step and more importantly cooling
rate. Factors affecting the cooling rate include: quenchant
type and temperature, agitation velocity, viscosity, agitation
type, aging, grade of steel, geometry, part area, part vol-
ume, density, specific heat, surface oxide layer, surface
roughness, carbon content, grain nature, grain size, and a
number of other issues [5].

Black smiths centuries ago had used
different coolant agents, such as natural
and forced air cooling or quenching in
water, to produce steel products of
handcraft which needed good form-
ability, or weapons that required steel
to be very tough [6]. A study of the an-
cient history of steel reveals that the ef-
fect of heat treatment was known in
ancient industry. Fig. 2 is an engraved
heating picture belonging to 4500 years
old in Sakkara in Egypt. This may give
evidence that heat treatment techniques
were known to our ancestors. The
stretched out hand blowing into the fire
with hollow reeds image in fig. 2 re-
veals the monitoring of the temperature
by forced air-cooling.

Fig. 1: The Eskimos in Greenland
made their iron tools for hundreds
of years from a large (30 t) meteor-
ite. It was moved later to the Natu-
ral History Museum in New York in
the 1890s (courtesy of [3])

Fig. 2: Engraved picture from a mastaba in Sakkara, the ne-
cropolis of the early (and later) pharaohs (courtesy of [3])
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Fig. 3 is the picture of a “lightly tempered martensitic
structure” from a flake from the pick of an axe found in an
excavation in 1976 and manufactured in the 13th to 12th

century B.C. [7]. There are many forms of evidence that
show the research and study on cooling technology has
been started even before man can melt the iron. Metallur-
gists verified signs of carburizing and quenching in the mi-
crostructure of knives found in Cyprus manufactured in
11th century B.C., fig. 4, in a dig in 1971 [8].

Fig. 5 is the picture of an Iron Age Merovingian artifact
[9]. Metallurgists were able to recognize pure ferrite in a
Merovingian spearhead (fig. 5a) using etching techniques.

It is believed that it was nor-
malized after forging at a tem-
perature not less than 900 °C
that is above austenite tem-
perature (A3 line in the Fe-
Fe3C phase diagram). The
bainite grain structure in the

battle-axe (fig. 5b) reveals the quench hardening. It seems
that the Merovingians were aware of the importance of
controlling cooling rate to change mechanical properties of
the steel. Published papers on Persian Shamshir and Dam-
ascene technique suggest the application of the monitoring
cooling rate to obtain steel microstructure with proper
strength and hardness, e.g. [10].

Classical research on controlled cooling rate

The knowledge of heat treatment in ancient time was
base on trial and error and scientific research about the ef-
fect of heat treatment started at much later time. One of the
earliest reports of classical research in heat treatment is in
the book De La Pirotechnia from Biringuccio who quoted:
“Every work of gold and silver as well as copper may be
worked either hot or cold, only you must be careful to an-
neal the thing at every hammering or when it needs it” [11].
This is a proof for the attention of early classical research-
ers to understand the connection between time-temperature
treatment and behaviour of steel during machining.

Revolutionary progress in physics of optical instrumen-
tation and discovery of X-ray and etching techniques in the
19th and 20th centuries allowed metallurgists to investigate
the microstructure of steel. These investigations helped to
enhance the quality of the steel product along with its
quantity. Supercomputers allowed researchers to develop
theoretical models on the basis of experimental results and
a number of papers has been published presenting the re-
sults of simulations of these theoretical models. Computer
simulations have been deployed in the last decades to lower
the cost of microstructural experiments. Work on modeling
of thermo-mechanical treatments of steel has provided the
possibility to predict the final microstructure during and
after cooling process with different rates or heat treatment
with different sequences [12...15].

Nevertheless, mass production of steel occurred only af-
ter the invention of the steam engine. The continuing in-

Fig. 3: An axe found in an excavation in 1976 manufac-
tured in the 13th to 12th century B.C.

Fig. 4: Knives found in Cyprus in a dig in 1971 manufac-
tured in 11th century B.C.

   
Fig. 5: Merovingian artifacts: a large spearhead (left) and
a battle axe (right)
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crease in the demand for steel around the world has been
establishing the competition between countries and compa-
nies in producing steel. Fig. 6 presents the fast growth of
steel production since 1950 until 2005 around the world
[16]. This annual increase in demand for steel and compe-
tition to dominate the market encouraged worldwide in-
vestment on research in increasing the production rate and
lowering the cost of the final steel without sacrificing the
quality of the steel. In the last decades, there has been an
enormous body of research on heat treatment and the effect
of temperature and heating or cooling rate on different met-
als and especially steel due to its wide consumption in dif-
ferent products in modern life.

The previous experimental results and theoretical analy-
ses led to higher profit in the steel industries and fast in-
vestment return by reducing the cost of the steel casting
process and shortening the inventory time of the steel in the
production line. An attractive method in mass metal casting
is continuous casting method which is producing semi-
finished metal shapes (slabs, blooms, and billets) from
molten metal. In comparison to ingot casting, the continu-
ous casting method has many advantages such as increase

in yield, better surface condition and internal quality of
production, more uniform product, higher manpower pro-
ductivity, easier integration into metal production systems
and reducing metal production cost by saving time, energy,
and capital investment. This is due to eliminating extra
steps, such as ingot teeming, stripping, transferring, soaking
pits; and primary rolling [17; 18]. George Seller received a
patent on continuous casting of metal for producing pipes
in 1840 [19]. Henry Bessemer patented a process for the
manufacturing of continuous sheets of iron and steel in
1946 [20]. Thereafter, many inventions and modifications
helped continuous casting process technology to grow to
become the primary technique in producing ferrous and
non-ferrous metals. The first vertical-type large slab ma-
chine with bending of the strand to horizontal discharge
was launched in 1961 [20]. Detailed historical aspects of
continuous casting can be found in many papers [21; 22].
Today, annually 750 million t of steel in the steelmaking
operation, 20 million t of aluminum and many tonnes of
other alloys are directly cast from molten metal by continu-
ously casting method.

The last step in any method of metal casting is to cool the
hot solidified cast product to obtain the desired micro-
structure. Imposing a high cooling rate on the hot slab in-
creases the productivity rate, however, it might have disad-
vantages because of lowering soundness of the steel prod-
uct due to formation of cracks and flaws because of thermal
gradients and residual stresses mainly generated by phase
transformation which results in the yield loss. Kobasko’s
[23] experimental results showed that the tendency for
crack formation is higher with a range of cooling rates and
it decreases for the cooling rate higher or lower than this
critical cooling rate range as a function of quenching rate.
Therefore, an optimum cooling rate must provide to in-
crease the production rate without sacrificing the quality of
the steel.

An FEM algorithm suggested by the author simulates the
accumulated residual stresses in cooling as-cast slab with
different cooling rates for three temperature regions in the
Fe-Fe3C phase diagram based on the temperature of the as-
cast steel prior to quenching [24]. These temperature re-
gions are super-critical (austenite �), intercritical (austenite
and ferrite, � + �) and sub-critical (�) regions. Application
of high cooling rate in steel manufacturing is done to obtain
the desired mechanical properties such as, hardness, yield
strength, improvement of wear resistance and toughness,
ductility etc. [25; 26]. But quenching may result in flaw
formation and accumulating the residual stresses within the
microstructure. Fig. 7 shows the effect of inclusions on in-
creasing residual stresses within the microstruture during
quenching of the as-cast steel slab [27]. The high stress re-
gion at the interface is the potential region for void nuclea-
tion and expansion.

Degradation of quality is a term that corresponds to any
deviation from desirable composition; microstructure, ap-
plication, commercial requirement specifications or chemi-
cal composition and mechanical properties as well as corro-
sion or heat resistance and formability. Efficient cooling
rates obtained for a specific grade of steel provide an in-
crease in productivity of steel and a decrease in the inven-
tory time of production of steel slabs, blooms, and billet
without degrading the quality of the steel. Fig. 8 is the

Fig. 7: Equivalent von-Mieses stress distribution in Pa in the
model of Al2O3 inclusion and steel matrix

Fig. 6: Production of crude steel in 1950 - 2005 (source: In-
ternational Iron & Steel Institute)
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schematic presentation of
this fact which its detail can
be found in [24].

Conclusion

There are many develop-
ments with the sole purpose
of maintaining and/or in-
creasing high production
rate. Most of these devel-
opments, supported by ex-
tensive research, have been
aimed at increasing the so-
phistication of the caster
machine design and casting process in order to decrease the
casting time and cost. Results from experimental tests,
analytical computation and numerical simulation utilized
the promotion of steel manufactured techniques around the
world and lowered the cost of the steel making process.
However, the research works will continue towards in-
creasing the efficiency and productivity of the steel making
process by enhancing both quality and quantity of steel
casting process.

Many questions in regard to optimum cooling rate of
casting steel may be raised from different points of view.
For example, what is the effect of accelerated cooling on
the overall soundness of the slab when cooled from the su-
percritical, intercritical and/or subcritical temperatures at
different cooling rates? How does the composition of the
steel dictate the industrial optimum cooling rate? How can
the formation and propagation of the flaw and micro-cracks
be predicted and prevented at high cooling rates? Although,
the residual stress distribution during quenching has been
addressed in previous research works [24; 28], to perceive
comprehensively what factors determine the optimum
cooling rate, more extensive research work needs to be ac-
complished. Elaborating the influences of these factors on
the optimum cooling rate of the as-cast steel keeps this re-
search field open for many new ideas and researchers.
Customer defined properties for steel products call upon
the metallurgists and engineers for new challenges to im-
prove the steel products quality and higher casting pro-
duction rates.
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Fig. 8: Optimum cooling rate
of the as-cast slab based on the
criteria of the objective of this
dissertation
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