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CHAPTER

2

Fundamentals of the
Heat Treating of Steel
BEFORE CONSIDERATION can be given to the heat treatment of steel
or other iron-base alloys, it is helpful to explain what steel is. The common
dictionary deﬁnition is “a hard, tough metal composed of iron, alloyed
with various small percentage of carbon and often variously with other
metals such as nickel, chromium, manganese, etc.” Although this deﬁnition is not untrue, it is hardly adequate.
In the glossary of this book (see Appendix A, “Glossary of Heat Treating Terms”) the principal portion of the deﬁnition for steel is “an ironbase alloy, malleable in some temperature range as initially cast, containing manganese, usually carbon, and often other alloying elements. In
carbon steel and low-alloy steel, the maximum carbon is about 2.0%; in
high-alloy steel, about 2.5%. The dividing line between low-alloy and
high-alloy steels is generally regarded as being at about 5% metallic alloying elements” (Ref 1).
Fundamentally, all steels are mixtures, or more properly, alloys of iron
and carbon. However, even the so-called plain-carbon steels have small,
but speciﬁed, amounts of manganese and silicon plus small and generally
unavoidable amounts of phosphorus and sulfur. The carbon content of
plain-carbon steels may be as high as 2.0%, but such an alloy is rarely
found. Carbon content of commercial steels usually ranges from 0.05 to
about 1.0%.
The alloying mechanism for iron and carbon is different from the more
common and numerous other alloy systems in that the alloying of iron
and carbon occurs as a two-step process. In the initial step, iron combines
with 6.67% C, forming iron carbide, which is called cementite. Thus, at
room temperature, conventional steels consist of a mixture of cementite
and ferrite (essentially iron). Each of these is known as a phase (deﬁned
as a physically homogeneous and distinct portion of a material system).
When a steel is heated above 725 ⬚C (1340 ⬚F), cementite dissolves in the
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matrix, and a new phase is formed, which is called austenite. Note that
phases of steel should not be confused with structures. There are only
three phases involved in any steel—ferrite, carbide (cementite), and austenite, whereas there are several structures or mixtures of structures.

Classiﬁcation of Steels
It is impossible to determine the precise number of steel compositions
and other variations that presently exist, although the total number probably exceeds 1000; thus, any rigid classiﬁcation is impossible. However,
steels are arbitrarily divided into ﬁve groups, which has proved generally
satisfactory to the metalworking community.
These ﬁve classes are:
•
•
•
•
•

Carbon steels
Alloy steels (sometimes referred to as low-alloy steels)
Stainless steels
Tools steels
Special-purpose steels

The ﬁrst four of these groups are well deﬁned by designation systems
developed by the Society of Automotive Engineers (SAE) and the American Iron and Steel Institute (AISI). Each general class is subdivided into
numerous groups, with each grade indentiﬁed. The ﬁfth group comprises
several hundred different compositions; most of them are proprietary.
Many of these special steels are similar to speciﬁc steels in the ﬁrst four
groups but vary sufﬁciently to be marked as separate compositions. For
example, the SAE-AISI designation system lists nearly 60 stainless steels
in four different general subdivisions. In addition to these steels (generally
referred to as “standard grades”), there are well over 100 other compositions that are nonstandard. Each steel was developed for a speciﬁc application.
It should also be noted that both standard and nonstandard steels are
designated by the Uniﬁed Numbering System (UNS) developed by SAE
and ASTM International. Details of this designation system can be found
in Ref 2. Coverage in this book, however, is limited to steels of the ﬁrst
four classes—carbon, alloy, stainless, and tool steels—that are listed by
SAE-AISI.

Why Steel Is So Important
It would be unjust to state that any one metal is more important than
another without deﬁning parameters of consideration. For example, without aluminum and titanium alloys, current airplanes and space vechicles
could not have been developed.
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Steel, however, is by far the most widely used alloy and for a very good
reason. Among layman, the reason for steel’s dominance is usually considered to be the abundance of iron ore (iron is the principal ingredient in
all steels) and/or the ease by which it can be reﬁned from ore. Neither of
these is necessarily correct; iron is by no means the most abundant element, and it is not the easiest metal to produce from ore. Copper, for
example, exists as nearly pure metal in certain parts of the world.
Steel is such an important material because of its tremendous ﬂexibility
in metal working and heat treating to produce a wide variety of mechanical, physical, and chemical properties.

Metallurgical Phenomena
The broad possibilities provided by the use of steel are attributed mainly
to two all-important metallurgical phenomena: iron is an allotropic element; that is, it can exist in more than one crystalline form; and the carbon
atom is only 1⁄30 the size of the iron atom. These phenomena are thus the
underlying principles that permit the achievements that are possible
through heat treatment.
In entering the following discussion of constitution, however, it must
be emphasized that a maximum of technical description is unavoidable.
This portion of the subject is inherently technical. To avoid that would
result in the discussion becoming uninformative and generally useless.
The purpose of this chapter is, therefore, to reduce the prominent technical
features toward their broadest generalizations and to present those generalizations and underlying principles in a manner that should instruct the
reader interested in the metallurgical principles of steel. This is done at
the risk of some oversimpliﬁcation.

Constitution of Iron
It should ﬁrst be made clear to the reader that any mention of molten
metal is purely academic; this book deals exclusively with the heat treating
range that is well below the melting temperature. The objective of this
section is to begin with a generalized discussion of the constitution of
commercially pure iron, subsequently leading to discussion of the ironcarbon alloy system that is the basis for all steels and their heat treatment.
All pure metals, as well as alloys, have individual constitutional or
phase diagrams. As a rule, percentages of two principal elements are
shown on the horizontal axis of a ﬁgure, while temperature variation is
shown on the vertical axis. However, the constitutional diagram of a pure
metal is a simple vertical line. The constitutional diagram for commercially pure iron is presented in Fig. 1. This speciﬁc diagram is a straight
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line as far as any changes are concerned, although time is indicated on
the horizontal. As pure iron, in this case, cools, it changes from one phase
to another at constant temperature. No attempt is made, however, to quantify time, but merely to indicate as a matter of interest that as temperature
increases, reaction time decreases, which is true in almost any solidsolution reaction.
Pure iron solidiﬁes from the liquid at 1538 ⬚C (2800 ⬚F) (top of Fig.
1). A crystalline structure, known as ferrite, or delta iron, is formed (point
a, Fig. 1). This structure, in terms of atom arrangement, is known as a
body-centered cubic lattice (bcc), shown in Fig. 2(a). This lattice has nine
atoms—one at each corner and one in the center.
As cooling proceeds further and point b (Fig. 1) is reached (1395 ⬚C,
or 2540 ⬚F), the atoms rearrange into a 14-atom lattice a shown in Fig.
2(b).
The lattice now has an atom at each corner and one at the center of
each face. This is known as a face-centered cubic lattice (fcc), and this
structure is called gamma iron.

Fig. 1

Changes in pure iron as it cools from the molten state to room temperature. Source: Ref 3
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As cooling further proceeds to 910 ⬚C (1675 ⬚F) (point c, Fig. 1), the
structure reverts to the nine-atom lattice or alpha iron. The change at point
d on Fig. 1 (770 ⬚C, or 1420 ⬚F) merely denotes a change from nonmagnetic to magnetic iron and does not represent a phase change. The entire
ﬁeld below 910 ⬚C (1675 ⬚F) is composed of alpha ferrite, which continues
on down to room temperature and below. The ferrite forming above the
temperature range of austenite is often referred to as delta ferrite; that
forming below A3 as alpha ferrite, though both are structurally similar.
In this Greek-letter sequence, austenite is gamma iron, and the interchangeability of these terms should not confuse the fact that only two
structurally distinct forms of iron exist.
Figures 1 and 2 thus illustrate the allotropy of iron. In the following
sections of this chapter, the mechanism of allotropy as the all-important
phenomenon relating to the heat treatment of iron-carbon alloys is discussed.

Alloying Mechanisms
Metal alloys are usually formed by mixing together two or more metals
in their molten state. The two most common methods of alloying are by
atom exchange and by the interstitial mechanism. The mechanism by
which two metals alloy is greatly inﬂuenced by the relative atom size.
The exchange mechanism simply involves trading of atoms from one lattice system to another. An example of alloying by exchange is the coppernickel system wherein atoms are exchanged back and forth.

Fig. 2

Arrangement of atoms in the two crystalline structures of pure iron.
(a) Body-centered cubic lattice. (b) Face-centered cubic lattice
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Interstitial alloying requires that there be a large variation in atom sizes
between the elements involved. Because the small carbon atom is 1⁄30 the
size of the iron atom, interstitial alloying is easily facilitated. Under certain
conditions, the tiny carbon atoms enter the lattice (the interstices) of the
iron crystal (Fig. 2). A description of this basic mechanism follows.

Effect of Carbon on the Constitution of Iron
As an elemental metal, pure iron has only limited engineering usefulness despite its allotropy. Carbon is the main alloying addition that capitalizes on the allotropic phenomenon and lifts iron from mediocrity into
the position of a unique structural material, broadly known as steel. Even
in the highly alloyed stainless steels, it is the quite minor constituent
carbon that virtually controls the engineering properties. Furthermore, due
to the manufacturing processes, carbon in effective quantities persists in
all irons and steels unless special methods are used to minimize it.
Carbon is almost insoluble in iron, which is in the alpha or ferritic phase
(910 ⬚C, or 1675 ⬚F). However, it is quite soluble in gamma iron. Carbon
actually dissolves; that is, the individual atoms of carbon lose themselves
in the interstices among the iron atoms. Certain interstices within the fcc
structure (austenite) are considerably more accommodating to carbon than
are those of ferrite, the other allotrope. This preference exists not only on
the mechanical basis of size of opening, however, for it is also a fundamental matter involving electron bonding and the balance of those attractive and repulsive forces that underlie the allotrope phenomenon.
The effects of carbon on certain characteristics of pure iron are shown
in Fig. 3 (Ref 3). Figure 3(a) is a simpliﬁed version of Fig. 1; that is, a
straight line constitutional diagram of commercially pure iron. In Fig.
3(b), the diagram is expanded horizontally to depict the initial effects of
carbon on the principal thermal points of pure iron. Thus, each vertical
dashed line, like the solid line in Fig. 3(a), is a constitutional diagram, but
now for iron containing that particular percentage of carbon. Note that
carbon lowers the freezing point of iron and that it broadens the temperature range of austenite by raising the temperature A4 at which (delta)
ferrite changes to austenite and by lowering the temperature A3 at which
the austenite reverts to (alpha) ferrite. Hence, carbon is said to be an
austenitizing element. The spread of arrows at A3 covers a two-phase
region, which signiﬁes that austenite is retained fully down to the temperatures of the heavy arrow, and only in part down through the zone of
the lesser arrows.
In a practical approach, however, it should be emphasized that Fig. 1,
as well as Fig. 3, represents changes that occur during very slow cooling,
as would be possible during laboratory-controlled experiments, rather than
under conditions in commercial practice. Furthermore, in slow heating of
iron, these transformations take place in a reverse manner. Transforma-
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tions occurring at such slow rates of cooling and heating are known as
equilibrium transformations, due to the fact that temperatures indicated in
Fig. 1.
Therefore, the process by which iron changes from one atomic arrangement to another when heated through 910 ⬚C (1675 ⬚F) is called a transformation. Transformations of this type occur not only in pure iron but
also in many of its alloys; each alloy composition transforms at its own
characteristic temperature. It is this transformation that makes possible the
variety of properties that can be achieved to a high degree of reproducibility through use of carefully selected heat treatments.

Iron-Cementite Phase Diagram
When carbon atoms are present, two changes occur (see Fig. 3). First,
transformation temperatures are lowered, and second, transformation
takes place over a range of temperatures rather than at a single tempera-

Fig. 3

Effects of carbon on the characteristics of commercially pure iron.
(a) Constitutional diagram for pure iron. (b) Initial effects of carbon on
the principal thermal points of pure iron. Source: Ref 3
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ture. These data are shown in the well-known iron-cementite phase diagram (Fig. 4). However, a word of explanation is offered to clarify the
distinction between phases and phase diagrams.
A phase is a portion of an alloy, physically, chemically, or crystallographically homogeneous throughout, which is separated from the rest of
the alloy by distinct bounding surfaces. Phases that occur in iron-carbon
alloys are molten alloy, austenite (gamma phase), ferrite (alpha phase),
cementite, and graphite. These phases are also called constituents. Not all
constituents (such as pearlite or bainite) are phases—these are microstructures.
A phase diagram is a graphical representation of the equilibrium temperature and composition limits of phase ﬁelds and phase reactions in an
alloy system. In the iron-cementite system, temperature is plotted vertically, and composition is plotted horizontally. The iron-cementite diagram
(Fig. 4), deals only with the constitution of the iron-iron carbide system,
i.e., what phases are present at each temperature and the composition

Fig. 4

Iron-cementite phase diagram. Source: Ref 3
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limits of each phase. Any point on the diagram, therefore, represents a
deﬁnite composition and temperature, each value being found by projecting to the proper reference axis.
Although this diagram extends from a temperature of 1870 ⬚C (3400
⬚F) down to room temperature, note that part of the diagram lies below
1040 ⬚C (1900 ⬚F). Steel heat treating practice rarely involves the use of
temperatures above 1040 ⬚C (1900 ⬚F). In metal systems, pressure is usually considered as constant.
Frequent reference is made to the iron-cementite diagram (Fig. 4) in
this chapter and throughout this book. Consequently, understanding of this
concept and diagram is essential to further discussion.
The iron-cementite diagram is frequently referred to incorrectly as the
iron-carbon equilibrium diagram. Iron-“carbon” is incorrect because the
phase at the extreme right is cementite, rather than carbon or graphite; the
term equilibrium is not entirely appropriate because the cementite phase
in the iron-graphite system is not really stable. In other words, given
sufﬁcient time (less is required at higher temperatures), iron carbide (cementite) decomposes to iron and graphite, i.e., the steel graphitizes. This
is a perfectly natural reaction, and only the iron-graphite diagram (see
Chapter 12, “Heat Treating of Cast Irons”) is properly referred to as a true
equilibrium diagram.

Solubility of Carbon in Iron
In Fig. 4, the area denoted as austenite is actually an area within which
iron can retain much dissolved carbon. In fact, most heat treating operations (notably annealing, normalizing, and heating for hardening) begin
with heating the alloy into the austenitic range to dissolve the carbide in
the iron. At no time during such heating operations are the iron, carbon,
or austenite in the molten state. A solid solution of carbon in iron can be
visualized as a pyramidal stack of basketballs with golf balls between the
spaces in the pile. In this analogy, the basketballs would be the iron atoms,
while the golf balls interspersed between would be the smaller carbon
atoms.
Austenite is the term applied to the solid solution of carbon in gamma
iron, and, like other constituents in the diagram, austenite has a certain
deﬁnite solubility for carbon, which depends on the temperature (shaded
area in Fig. 4 bounded by AGFED). As indicated by the austenite area in
Fig. 4, the carbon content of austenite can range from 0 to 2%. Under
normal conditions, austenite cannot exist at room temperature in plain
carbon steels; it can exist only at elevated temperatures bounded by the
lines AGFED in Fig. 4. Although austenite does not ordinarily exist at
room temperature in carbon steels, the rate at which steels are cooled from
the austenitic range has a profound inﬂuence on the room temperature
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microstructure and properties of carbon steels. Thus, the phase known as
austenite is fcc iron, capable of containing up to 2% dissolved carbon.
The solubility limit for carbon in the bcc structure of iron-carbon alloys
is shown by the line ABC in Fig. 4. This area of the diagram is labeled
alpha (␣), and the phase is called ferrite. The maximum solubility of
carbon in alpha iron (ferrite) is 0.025% and occurs at 725 ⬚C (1340 ⬚F).
At room temperature, ferrite can dissolve only 0.008% C, as shown in
Fig. 4. This is the narrow area at the extreme left of Fig. 4 below approximately 910 ⬚C (1675 ⬚F). For all practical purposes, this area has no effect
on heat treatment and shall not be discussed further. Further discussion of
Fig. 4 is necessary, although as previously stated, the area of interest for
heat treatment extends vertically to only about 1040 ⬚C (1900 ⬚F) and
horizontally to a carbon content of 2%. The large area extending vertically
from zero to the line BGH (725 ⬚C, or 1340 ⬚F) and horizontally to 2%
C is denoted as a two-phase area—␣ Ⳮ Cm, or alpha (ferrite) plus cementite (carbide). The line BGH is known as the lower transformation
temperature (A1). The line AGH is the upper transformation temperature
(A3). The triangular area ABG is also a two-phase area, but the phases
are alpha and gamma, or ferrite plus austenite. As carbon content increases, the A3 temperature decreases until the eutectoid is reached—
725 ⬚C (1340 ⬚F) and 0.80% C (point G). This is considered a saturation
point; it indicates the amount of carbon that can be dissolved at 725 ⬚C
(1340 ⬚F). A1 and A3 intersect and remain as one line to point H as indicated. The area above 725 ⬚C (1340 ⬚F) and to the right of the austenite
region is another two-phase ﬁeld—gamma plus cementite (austenite plus
carbide).
Now as an example, when a 0.40% carbon steel is heated to 725 ⬚C
(1340 ⬚F), its crystalline structure begins to transform to austenite; transformation is not complete however until a temperature of approximately
815 ⬚C (1500 ⬚F) is reached. In contrast, as shown in Fig. 4, a steel containing 0.80% C transforms completely to austenite when heated to 725 ⬚C
(1340 ⬚F). Now assume that a steel containing 1.0% C is heated to 725 ⬚C
(1340 ⬚F) or just above. At this temperature, austenite is formed, but
because only 0.80% C can be completely dissolved in the austenite,
0.20% C remains as cementite, unless the temperature is increased. However, if the temperature of a 1.0% carbon steel is increased above about
790 ⬚C (1450 ⬚F), the line GF is intersected, and all of the carbon is thus
dissolved. Increasing temperature gradually increases the amount of carbon that can be taken into solid solution. For instance, at 1040 ⬚C
(1900 ⬚F), approximately 1.6% C can be dissolved (Fig.4).

Transformation of Austenite
Thus far the discussion has been conﬁned to heating of the steel and
the phases that result from various combinations of temperature and car-
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bon content. Now what happens when the alloy is cooled? Referring to
Fig. 4, assume that a steel containing 0.50% C is heated to 815 ⬚C
(1500 ⬚F). All of the carbon will be dissolved (assuming, of course, that
holding time is sufﬁcient). Under these conditions, all of the carbon atoms
will dissolve in the interstices of the fcc crystal (Fig. 2b). If the alloy is
cooled slowly, transformation to the bcc (Fig. 2a) or alpha phase begins
when the temperature drops below approximately 790 ⬚C (1450 ⬚F). As
the temperature continues to decrease, the transformation is essentially
complete at 725 ⬚C (1340 ⬚F). During this transformation, the carbon
atoms escape from the lattice because they are essentially insoluble in the
alpha crystal (bcc). Thus, in slow cooling, the alloy for all practical purposes, returns to the same state (in terms of phase) that it was before
heating to form austenite. The same mechanism occurs with higher carbon
steels, except that the austenite-to-ferrite transformation does not go
through a two-phase zone (Fig. 4). In addition to the entry and exit of the
carbon atoms through the interstices of the iron atoms, other changes occur
that affect the practical aspects of heat treating.
First, a magnetic change occurs at 770 ⬚C (1420 ⬚F) as shown in Fig.
1. The heat of transformation effects may chemical changes, such as the
heat that is evolved when water freezes into ice and the heat that is
absorbed when ice melts. When an iron-carbon alloy is converted to austenite by heat, a large absorption of heat occurs at the transformation
temperature. Likewise, when the alloy changes from gamma to alpha (austenite to ferrite), heat evolves.
What happens when the alloy is cooled rapidly? When the alloy is
cooled suddenly, the carbon atoms cannot make an orderly escape from
the iron lattice. This cause “atomic bedlam” and results in distortion of
the lattice, which manifests itself in the form of hardness and/or strength.
If cooling is fast enough, a new structure known as martensite is formed,
although this new structure (an aggregate of iron and cementite) is in the
alpha phase.

Classiﬁcation of Steels by Carbon Content
It must be remembered that there are only three phases in steels, but
there are many different structures. A precise deﬁnition of eutectoid carbon is unavoidable; it varies from 0.77% to slightly over 0.80%, depending on the reference used. However, for the objectives of this book, the
precise amount of carbon denoted as eutectoid is of no particular signiﬁcance.
Hypoeutectoid Steels. Carbon steels containing less than 0.80% C are
known as hypoeutectoid steels. The area bounded by AGB on the ironcementite diagram (Fig. 4) is of signiﬁcance to the room temperature
microstructures of these steels; within the area, ferrite and austenite each
having different carbon contents, can exist simultaneously.
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Assume that a 0.40% carbon steel has been slowly heated until its temperature throughout the piece is 870 ⬚C (1600 ⬚F), thereby ensuring a fully
austenitic structure. Upon slow cooling, free ferrite begins to form from
the austenite when the temperature drops across the line AG, into the area
AGB, with increasing amounts of ferrite forming as the temperature continues to decline while in this area. Ideally, under very slow cooling conditions, all of the free ferrite separates from austenite by the time the
temperature of the steel reaches A1 (the line BG) at 725 ⬚C (1340 ⬚F). The
austenite islands, which remain at about 725 ⬚C (1340 ⬚F), now have the
same amount of carbon as the eutectoid steel, or about 0.80%. At or
slightly below 725 ⬚C (1340 ⬚F) the remaining untransformed austenite
transforms—it becomes pearlite, which is so named because of its resemblance to mother of pearl. Upon further cooling to room temperature, the
microstructure remains unchanged, resulting in a ﬁnal room temperature
microstructure of an intimate mixture of free ferrite grains and pearlite
islands.
A typical microstructure of a 0.40% carbon steel is shown in Fig. 5(a).
The pure white areas are the islands of free ferrite grains described previously. Grains that are white but contain dark platelets are typical lamellar
pearlite. These platelets are cementite or carbide interspersed through the
ferrite, thus conforming to the typical two-phase structure indicated below
the BH line in Fig. 4.
Eutectoid Steels. A carbon steel containing approximately 0.77% C
becomes a solid solution at any temperature in the austenite temperature
range, i.e., between 725 and 1370 ⬚C (1340 and 2500 ⬚F). All of the carbon
is dissolved in the austenite. When this solid solution is slowly cooled,
several changes occur at 725 ⬚C (1340 ⬚F). This temperature is a transformation temperature or critical temperature of the iron-cementite system. At this temperature, a 0.77% (0.80%) carbon steels transforms from
a single homogeneous solid solution into two distinct new solid phases.
This change occurs at constant temperature and with the evolution of heat.
The new phases are ferrite an cementite, formed simultaneously; however,
it is only at composition point G in Fig. 4 (0.77% carbon steel) that this
phenomenon of the simultaneous formation of ferrite and cementite can
occur.
The microstructure of a typical eutectoid steel is shown in Fig. 5(b).
The white matrix is alpha ferrite and the dark platelets are cementite. All
grains are pearlite—no free ferrite grains are present under these conditions.
Cooling conditions (rate and temperature) govern the ﬁnal condition of
the particles of cementite that precipitate from the austenite at 725 ⬚C
(1340 ⬚F). Under speciﬁc cooling conditions, the particles become spheroidal instead of elongated platelets as shown in Fig. 5(b). Figure 5(c)
shows a similar two-phase structure resulting from slowly cooling a eutectoid carbon steel just below A1. This structure is commonly known as
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spheroidite but is still a despersion of cementite particles in alpha ferrite.
There is no indication of grain boundaries in Fig. 5(c). The spheroidized
structure is often preferred over the pearlitic structure because spheroidite
has superior machinability and formability. Combination structures (that
is, partly lamellar and partly spheroidal cementite in a ferrite matrix) are
also common.
As noted previously, a eutectoid steel theoretically contains a precise
amount of carbon. In practice, steels that contain carbon within the range
of approximately 0.75 to 0.85% are commonly referred to as eutectoid
carbon steels.
Hypereutectoid steels contain carbon contents of approximately 0.80
to 2.0%. Assume that a steel containing 1.0% C has been heated to 845 ⬚C
(1550 ⬚F), thereby ensuring a 100% austenitic structure. When cooled, no

Fig. 5

Effects of carbon content on the microstructures of plain-carbon steels.
(a) Ferrite grains (white) and pearlite (gray streaks) in a white matrix of
a hypoeutectoid steel containing 0.4% C. 1000⳯. (b) Microstructure (all pearlite
grains) of a eutectoid steel containing 0.77% C. 2000⳯. (c) Microstructure of a
eutectoid steel containing 0.77% C with all cementite in the spheroidal form.
1000⳯. (d) Microstructure of a hypereutectoid steel containing ⬃1.0% C containing pearlite with excess cementite bounding the grains. 1000⳯. Source: Ref 4
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change occurs until the line GF (Fig. 4), known as Acm or cementite solubility line, is reached. At this point, cementite begins to separate out
from the austenite, and increasing amounts of cementite separate out as
the temperature of the 1% carbon steels descends below the A line. The
composition of austenite changes from 1% C toward 0.77% C. At a temperature slightly below 725 ⬚C (1340 ⬚F), the remaining austenite changes
to pearline. No further changes occur as cooling proceeds toward room
temperature, so that the room temperature microstructure consists of
pearline and free cementite. In this case, the free cementite exists as a
network around the pearline grains (Fig. 5d).
Upon heating hypereutectoid steels, reverse changes occur. At 725 ⬚C
(1340 ⬚F), pearlite changes to austenite. As the temperature increases
above 725 ⬚C (1340 ⬚F), free cementite dissolves in the austenite, so that
when the temperature reaches the Acm line, all the cementite dissolves to
form 100% austenite.

Hysteresis in Heating and Cooling
The critical temperatures (A1, A6, and Acm) are “arrests” in heating or
cooling and have been symbolized with the letter A, from the French word
arret meaning arrest or a delay point, in curves plotted to show heating
or cooling of samples. Such changes occur at transformation temperatures
in the iron-cementite diagram if sufﬁcient time is given and cab be plotted
for steels showing lags at transformation temperatures, as shown for iron
in Fig. 4. However, because heating rates in commercial practice usually
exceed those in controlled laboratory experiments, changes on heating
usually occur at temperatures a few degrees above the transformation temperatures shown in Fig. 4 and are known as Ac temperatures, such as Ac1
or Ac3. The “c” is from the French word chauffage, meaning heating.
Thus, Ac1 is a few degrees above the ideal A1 temperature.
Likewise, on slow cooling in commercial practice, transformation
changes occur at temperatures a few degrees below those in Fig. 4. These
are known as Ar, or Ar3, the “r” originating from the French word
refroidissement, meaning cooling.
This difference between the heating and cooling varies with the rate of
heating or cooling. The faster the heating, the higher the Ac point; the
faster the cooling , the lower the Ar point. Also, the faster the heating and
cooling rate, the greater the gap between the Ac and Ar points of the
reversible (equilibrium) point A.
Going one step further, in cooling a piece of steel, it is of utmost importance to note that the cooling rate may be so rapid (as in quenching
steel in water) as to suppress the transformation for several hundreds of
degrees. This is due to the decrease in reaction rate with decrease in temperature. As discussed subsequently, time is an important factor in transformation, especially in cooling.

© 2006 ASM International. All Rights Reserved.
Practical Heat Treating, Second Edition (#05144G)

www.asminternational.org
Chapter 2: Fundamentals of the Heat Treating of Steel / 23

Effect of Time on Transformation
The foregoing discussion has been conﬁned principally to phases that
are formed by various combinations of composition and temperature; little
reference has been made to the effects of time. In order to convey to the
reader the effects of time on transformation, the simplest approach is by
means of a time-temperature-transformation (TTT) curve for some constant iron-carbon composition.
Such a curve is presented in Fig. 6 for a 0.77% (eutectoid) carbon steel.
TTT curves are also known as “S” curves because the principal part of
the curve is shaped like the letter “S.” In Fig. 6, temperature is plotted on
the vertical axis, and time is plotted on a logarithmic scale along the
horizontal axis. The reason for plotting time on a logarithmic scale is
merely to keep the width of the chart within a manageable dimension.
In analyzing Fig. 6, begin with line Ae1 (725 ⬚C or 1340 ⬚F). Above
this temperature, austenite exists only for a eutectoid steel (refer also to
Fig. 4). When the steel is cooled and held at a temperature just below Ae1
(705 ⬚C or 1300 ⬚F), transformation begins (follow line (Ps Bs), but very
slowly at this temperature; 1 h of cooling is required before any signiﬁcant
amount of transformation occurs, although eventually complete transformation occurs isothermally (meaning at a constant temperature), and the
transformation product is spheroidite (Fig. 5c). Now assume a lower temperature (650 ⬚C or 1200 ⬚F) on line Ps Bs (the line of beginning transformation); transformation begins in less than 1 min, and the transfor-

Fig. 6

Time-temperature-transformation (TTT) diagram for a eutectoid (0.77%)
carbon steel. Source: Ref 3
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mation product is coarse pearlite (near the right side of Fig. 6). Next,
assume a temperature of 540 ⬚C (1000 ⬚F); transformation begins in approximately 1 s and is completely transformed to ﬁne pearlite in a matter
of a few minutes. The line Pf Bf represents the completion of transformation and is generally parallel with Ps Bs. However, if the steel is cooled
very rapidly (such as by immersing in water) so that there is not sufﬁcient
time for transformation to begin in the 540 ⬚C (1000 ⬚F) temperature
vicinity, then the beginning of transformation time is substantially extended. For example, if the steel is cooled to and held at 315 ⬚C (600 ⬚F),
transformation does not begin for well over 1 min. It must be remembered
that all of the white area to the left of line Ps Bs represents the austentic
phase, although it is highly unstable. When transformation takes place
isothermally within the temperature range of approximately 290 to 425 ⬚C
(550 to 800 ⬚F), the transformation product is a microstructure called
bainite (upper or lower as indicated toward the right of Fig. 6). A bainitic
microstructure is shown in Fig. 7(b). In another example, steel is cooled
so rapidly that no transformation takes place in the 540 ⬚C (1000 ⬚F) region
and rapid cooling is continued (note line XY in Fig. 6) to and below
275 ⬚C (530 ⬚F) or Ms. Under these conditions, martensite is formed. Point
Ms is the temperature at which martensite begins to form, and Mf indicates
the complete ﬁnish of transformation. It must be remembered that martensite is not a phase but is a speciﬁc microstructure in the ferritic (alpha)
phase. Martensite is formed from the carbon atoms jamming the lattice of
the austenitic atomic arrangement. Thus, martensite can be considered as
an aggregate of iron and cementite (Fig. 7a).
In Fig. 6, the microstructure of austenite (as it apparently appears at
elevated temperature) is shown on the right. It is also evident that the
lower the temperature at which transformation takes place, the higher the
hardness (see Chapter 3, “Hardness and Hardenability”).

Fig. 7

(a) Microstructure of quenched 0.95% carbon steel. 1000⳯. Structure
is martensitic. (b) Bainitic structure in a quenched 0.95% carbon steel.
550⳯. Source: Ref 4
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It is also evident that all structures from the top to the region where
martensite forms (Ae1) are time-dependant, but the formation of martensite is not time-dependent.
Each different steel composition has its own TTT curve; Fig. 6 is presented only as an example. However, patterns are much the same for all
steels as far as shape of the curves is concerned. The most outstanding
difference in the curves among different steels is the distance between the
vertical axis and the nose of the S curve. This occurs at about 540 ⬚C
(1000 ⬚F) for the steel in Fig. 6. This distance in terms of time is about
1 s for a eutectoid carbon steel, but could be an hour or more for certain
high-alloy steels, which are extremely sluggish in transformation.
The distance between the vertical axis and the nose of the S curve is
often called the “gap” and has a profound effect on how rapidly the steel
must be cooled to form the hardened structure—martensite. Width of this
gap for any steel is directly related to the critical cooling rate for that
speciﬁc steel. Critical cooling rate is deﬁned as the rate at which a given
steel must be cooled from the austenite to prevent the formation of nonmartensitic products.
In Fig. 6, it is irrelevant whether the cooling rate follows the lines X to
Y or X to Z because they are both at the left of the beginning transformation line Ps Bs. Practical heat treating procedures are based on the fact
that once the steel has been cooled below approximately 425 ⬚C (800 ⬚F),
the rate of cooling may be decreased. These conditions are all closely
related to hardenability, which is dealt with in Chapter 3.
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