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(R) CARBON AND ALLOY STEELS

1. SCOPE:

This document describes the processing and fabrication of carbon ang alloy
steels. [he basic steelmaking process including ironore reduction, the uses
of fluxes| and the various melting furnaces are briefly described. |The
various types of steels: killed, rimmed, semikilled, and capped are
described| in terms of their melting and microstructural differences|and their
end product use. This document also provides:a list of the commonly
specified| elements used to alloy elemental iron into steel. Each eJement's
structural benefits and effects are also.included. A 1ist of the A[SI Steel
Products Manuals is included and describes the various finished shapes in

1 1s produced.

The Iron pnd Steel Society (ISS), a member society of the ‘American [nstitute
of Mining|, Metallurgical, and-Petroleum Engineers, Inc. (AIME), has| taken on
the task pf marketing and‘revising the American Iron and Steel Instfitute

.. (AISI) Steel Product Manual sections listed below. Copies of these| manuals
may be purchased from(the Iron and Steel Society, 410 Commonwealth prive,
Warrendale, PA 15086, Tel (412) 776-1535.

Alloy, Carbon, and High-Strength Low Alloy Steels, Semifinished for| Forging;
Hot Rolleld Bars; Cold Finished Steel Bars; Hot Rolled Deformed and Plain
Concrete Reinforcing Bars

Plates and Rolled Floor Plates: Carbon, High Strength Low Alloy-and Alloy
Steel

Carbon Steel Pipe, Structural Tubing, Line Pipe, Oi1 Country Tubular Goods
Sheet Steel; Carbon, High Strength Low Alloy and Alloy (Coils and Cut Lengths)

SAE Technical Board Rules provide that: “This report Is published by SAE to advance the state of technical and engingering sciences.

the. use of this report Is entirely voluntary, and its applicability and suitability for any particular use, including any patent infringement
arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your
written comments and suggestions.
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3.1

3.2

(Continued): o _

Strip Steel; Carbon; High Strength, Low-Alloy and Alloy
Tin Mill Products

Wire and Rods, Carbon Steel

Cold Rolled Flat Steel Wire

Railway Track Materials .

Stainlpss and Heat Resisting Steels

Tool Steels

Wire ahd Rods, Alloy Steel

Electrfcal Steels |

Steel ppecialty Tubular Products

Hof Rolled Structural Shapes, Sheet Piling
STEEL:

Steel fs a malleable alloy of iren and carbon that has been made [molten in
the propcess of manufacture and contains approximately 0.05 to 2.Q% carbon, as
well ap some- manganese and .sometimes other alloying elements. :

Carbop Steel: Steel is considered to be carbon steel when no mijnimum
contept is specified-or required for altuminum, chromium, cobalt, columbium,
molybglenum, nickel; titanium, tungsten, vanadium, or zirconium, jor any other
elemept added totvobtain a desired alloying effect; when the speqified
minimpm for copper does not exceed 0.40%; or when the maximum cgntent
specified forany of the following elements does not exceed the [following
perceptage =—manganese, 1.65%; silicon, 0.60%; copper, 0.60%. Boron may be
added| to-ki11ed fine grain carbon steel to improve hardenability. :

In al ] ; ; T nts, such as
copper, nickel, molybdenum, chromium, etc., are unavoidably retained from
raw materials. Those elements are considered incidental. However, if any
of these elements are considered detrimental for special applications, the
maximum acceptable content of these incidental elements should be specified

by the purchaser. :

Alloy Steel: Steel is considered to be alloy steel when the maximum of the
range given for the content of alloying elements exceeds one or more of the -
following 1imits: manganese, 1.65%; silicon, 0.60%; copper, 0.60%; or in
which a definite range or definite minimum quantity for any of the following
elements is specified or required within the 1imits of the recognized field
of constructional alloy steels: aluminum and chromium up to' 3.99%; cobalt,
columbium, molybdenum, nickel, titanium, tungsten, vanadium, zirconium, or
any other alloying element added to obtain a desired alloying effect.
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4.

4.

4.2

STEELMAKING PROCESSES:

These fall into two general groups, acid or basic, according to the character
of the furnace 1ining. Thus, open hearth or electric processes may be either
acid or basic. Basic oxygen, as the name implies, is an exclusively basic
process. The choice of an acid or basic furnace is usually determined mainly
by the phosphorus in the available raw materials and the content of
phosphorus permissible in the finished steel,

Phosphorus is an acid-forming element and, in its oxide form, will react with
any suitable base to form a sTag in the steelmaking furnace. In basic
processe$, the metallurgist and steelmaker take advantage of this ¢hemical
behavior|by oxidizing the phosphorus with iron oxide, which ydelds|up its
oxygen to the phosphorus. This permits the iron to remain as)part|of the
steelmaking bath, while the acid phosphoric oxide is separated by floating up
into the|molten basic 1ime slag. In acid processes, furpnaces are generally
Tined with silica, which is acid in nature and will not<tolerate the use of
basic materials for fluxes. Since an acid slag has #io affinity fo

impurities such as phosphorus, the steel cannot be dephosphorized by fluxing
and the ¢ontent of this element remains at the level contained in the raw
material] or may be concentrated somewhat in the finished steel due to loss
of other|materials from the original metallic charge.

Most iroh ores in the United States are.of a phosphorus content sujtable only
for basi¢ steelmaking processes; hence,;\all of the nation's wrought steel is
so made.| A small proportion is Tow enough in phosphorus that stee] could be
made frop it by acid processes, although such steels invariably wolld have
higher résidual phosphorus levelsithan steels made in basic Tined iurnaces.
The following are the principal steelmaking processes used in the United
States: :

Basic Open Hearth: This\process was the most widely used steelmaking

process|for many yearS§ but it has been almost completely replaced|by the
basic ejectric and _basic oxygen processes. It can be used to produce all
SAE carbon and alloy steels, except those designated as electric furnace
grades.

Basic Electfic: The principal advantage of this process is optional control
in the furnace permitting steel to be treated under oxidizing, reducing, or
neutral i process.

In this manner, and depending on specified requirements, objectionable
elements may be substantially reduced and a high degree of refinement
obtained in the steel bath. Practically all grades of steel can be made by
the basic electric furnace; and the process with or without supplementary
processes is used for producing SAE wrought stainless steels.

= " ‘Distributed under license from the IHS Archive
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Basic_Oxygen:

Steelmaking capacity by this process was first in

troduced in

the United States and Canada in 1954 and is now the most popular method of

steel
steel

The prime advantage of this process is the ra

production,
The nature of the process is such that 1

canh be produced.

te at which
arge

quantities of molten iron must be readily available, since refining is
accomplished by the exothermic reactions of high purity oxygen with the

various elements contained in the molten iron,

In respect to it

s essential

chemical composition and metallurgical characteristics, steel of a specified
grade which has been made by the basic oxygen process is similar to basic

open hearth steel of the same grade.
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rg results from the heat generated by the resistance of the

5ses are chiefly in the design of the furnace employed andJ
ve extent to which high purity oxygen is used as a refini

Another method increasing in use in the production)of st
and specialty steels is ESR (electroslag refining). "In thi
bt electric furnace melted electrodes are progressively mel
fied in a water cooled copper mold under a blanket of molt

ctric current passing between the electrede and the solidi

through the flux and their impurities.are removed by reacti
The progressively solidified ingot.thus produced is very
bund, and may be directly processed into mill products.

DD (argon oxygen decarburization) process has become an imp
ng system for spectalty stee®.grades. Originally employed
ric furnace basic slag practice for stainless steels, it is
ng alloy, tool, silicon=iron, electrical and other special
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AOD melting also allows control of hydrogen in flake sensitive grades to the

point

that the need for long anneals is eliminated.
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m_Treatment: The use of vacuum treatment can be employed with any of
the principal steelmaking processes and is adaptable to all grades of carbon
and alloy steel.

4.5 Vacuum Treatment:

There are two types of treatments commonly used. The first is simply
"vacuum degassing” the steel to remove hydrogen gas and avoid the necessity
for Tong slow cooling cycles for heavy sections such as blooms, billets, and
slabs. The reduced hydrogen content provides steel with improved internal
soundness and resistance to internal rupturing or "flaking." The second
treatment is referred to as "vacuum carbon deoxidation." While this

reproce i

4.6

5.

added p
chamber
combine
vacuum
additio
product
compare
in prod
critica

Strand

rpose of deoxidizing the steel. The Tow pressure in the

forces the carbon and oxygen dissolved in the liquid_-Stee
to form gaseous carbon monoxide, which is then removéd th
ystem. Steels deoxidized in this manner do not require t
s of silicon and aluminum used in conventional practice,

produced from VCD treated steels exhibit improved microc
with the conventional product. The VCD tréatment is com
cing bearing and aircraft quality steels, and steels for
applications.

asting: This process involves the direct casting of stee

ladle ipto slabs, blooms, or bhillets.

tapped

teemed

casting
rapid s¢
solidif
Solidif
strands
size. A
prior tc

When twi or more heats are cast without interruption, the process
u

continu

QUALITY (

plidification begins in the-open-ended molds.

p cutting the strand into lengths.
minimized, due to the rapid solidification rate of the strand casf

LLASSTEICATIONS:

Technica

In_strand casting, a heat
nto a ladle in the conventional.mahner.
nto a tundish, which acts as a reservoir to provide for a
rate. The steel flows from &he tundish into the casting

ed slab, bloom, or billetOis continuously extracted from
cation is completed bylcooling the moving steel surface.
may be cast simultaneously, depending on the heat size an
reduction in size '‘may be carried out by hot working the
Chemical segregation i

s strand-casting.

Y, quality, as the term relates to steel products, may be

The liquid steel|i

controlled
achine and

The partially

he mold.
Several
section

roduct

product.

is called

indicative of many conditions, such as the degree of internal soundness,

relative uniformity of composition, relative freedom from detrimental surface
imperfections, and finish., Steel quality also relates to general suitability
for particular applications. Sheet steel surface requirements may be broadly
identified as to the end use by the suffix E for exposed parts requiring a
good painted surface, and the suffix U for unexposed parts for which surface
finish is unimportant.
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(Continued):

Carbon steel may be obtained in a number of fundamental qualities, which

reflect various degrees of the quality conditions mentioned.
designations for various products are 1isted in Table 1.

The
Some of

quality
those

qualities may be modified by such requirements as austenitic grain size,
special discard, macroetch test, special hardenability, maximum incidental
alloy elements, restricted chemical composition, and nonmetallic inclusions.
In addition, several of the products have special qualities, which are
intended for specific end uses or fabricating practices, that is, scrapless

Alloy
1isted

test, 1
test.

For con
carbon
Steel H
Sectiof

[YPES ¢

In most
carbon
is not
evolve
determi

Killeg
evolut
more
Howeve

steelmaking practices used.

carbo

Rimmeg

teels also may be obtained in special qualities, some,of w
in Table 1. Superimposed on some of these quaiitiesomay b
ments as extensometer test, fracture test, impact test, ma
onmetallic inclusion tests, special hardenability. test, an

plete descriptions of the qualities and supplementary requ
and alloy steels, reference should be made to the latest a
roducts Manual Section. Titles of these ‘manuals are liste

2.
F_STEEL:

steelmaking processes the primary reaction is the combina
and oxygen to form a gas. ~If the oxygen available for thi
removed prior to or during casting, the gaseous products c
during solidification, tProper control of the evolution of
nes the type of steel.

steel 1s a typelof steel from which there may be only a s
fon of gases during solidification of the metal. Killed s
niform chemical composition and properties than the other
r, there may be variations in composition, depending on th
Alloy steels are of the killed type

steels-may be killed or may be of the following types:

steels have marked differences in chemical composition ac

sectia

d steel results from a m

Tity.

hich are

e such
croetch

d grain size

irements for
pplicable
4 in

tion of

5 reaction
ontinue to
gas

1ight
teels have
types.

, while

ross the

prked gas

evolution during solidification of the outer rim, caused by a reaction

between the carbon in the solidifying metal and dissolved oxygen.

The outer

rim is lower in carbon, phosphorus, and sulfur than the average composition,
whereas the inner portion, or core, is higher than the average in those

elements.

The technology of manufacturing rimmed steels Timits the maximum

contents of carbon and manganese and those maximum contents vary among

producers.

Rimmed steels do not retain any significant percentages of

highly oxidizable elements, such as aluminum, silicon, or titanium,

Rimmed steel products, because of their chemical composition and their
surface and other characteristics, may be used advantageously for the

drawing and, in some cases, cold heading applications.

" manufacture of finished articles involving cold bending, cold forming, deep

-8
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6.4

7.

7.1

7.2

During the solidification of semikilled steel,
This tends

compensate for the shrinkage that accompanies solidification.

6.3 Semikilled steels have characteristics intermediate between those of killed .
and rimmed steels.

is evolved and entrapped within the body of the ingot.

some gas
to

Capped steels have characteristics, which combine some features of rimmed

and semikilled steels.

The thi

After pouring, the rimming action is stopped after a
brief interval by means of mechanical or chemical capping.

n lower

carbon rim has surface and forming properties comparable to those of rimmed
steel, whereas the uniformity of composition and properties more nearly

approach
their ch
to advan
or cold

COMMONLY

It is the
the steel
element o
of other

must be ¢
However,

discussed
suggestio
practices
titanium,
times preg

Carbon:

of steel
increases
the 0,15
require §
lower cay

and becayse of {tsmajor effect on properties, carbon segregation ]

frequent
elements

s that of semiKilled steels. Capped steel products, becal
mical composition, surface, and other characteristics, 'may
age when the material is to withstand cold bending, cold f
eading.

PECIFIED ELEMENTS:

purpose here to outline briefly the effects-of various elg
aking practices and steel characteristics. "The effects of
either practice or characteristics areCmodified by the in
Tements. These interrelations, frequently of a synergisti

nsidered when evaluating a change in specified composition.

o simplify this presentation, the_various elements will bg
individually. The scope of thisCdiscussion will permit or
s of the modifying effects of:.other elements or of steelm:
oh the effects of the element under consideration. Alumir
and columbium, though not specified in SAE standard steels
ent to achieve deoxidation or fine grain size.

The amount of carbon required in the finished steel Timits
that can be made.. As the carbon content of rimmed steels
, surface quality becomes impaired. Killed steels in appy
to 0.30% carbon content Tevel may have poorer surface qual
pecial processing to attain surface quality comparable to
'bon content steels. Carbon has a moderate tendency to seg

y of more significant importance than the segregation of (¢

about 0.
carbon.

se of
he used
orming,

ments on
a single

fluence

¢ nature,

1y

king

um,

, are at

the type

oximately
ity and
higher or
regate,

5
ther
sile

in\the as-rolled condition increases as the carbon increages up to

It }s the principal hardening element in all steel. Te
strength 3

sing

Manganese has a lesser tendency for macrosegregation than any of the common

elements.

Steels above 0.60% manganese cannot be readily rimmed.

Manganese 1s beneficial to surface quality in all carbon ranges (with the
exception of extremely low carbon rimmed steels) and is particularly

benefictial in resulfurized steels.

It contributes to strength and hardness,

but to a lesser degree than does carbon, the amount of increase being

dependent on the carbon content.

Increasing the manganese content

ductility and weldability, but to a lesser extent than does carbon,
Manganese has a strong effect on increasing the hardenability of a steel.

decreases
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7'3

7.4

7.5

7.6

7.7

7.8

Phosphorus segregates, but to a lesser degree than carbon and sulfur.
Increasing phosphorus increases strength and hardness and decreases
ductitity and notch-impact toughness in the as-rolled condition. The latter
adverse effects are greater in quenched and tempered higher carbon steels.
Higher phosphorus 1s often specified in lTow carbon free-machining steels to
improve machinability.

Sulfur: Increased sulfur content lowers transverse ductility and notch
impact toughness, but has only a slight effect on Tongitudinal mechanical
properties. MWeldability decreases with increasing sulfur content. This
elem ; the lower
carbon and Tower manganese steels., For these reasons, only a maximum 1imit
is specified for most steels. The-only exception is the group pf
machining steels, where sulfur is added to improve machinapility, in
case a range is specified.

r has a greater segregation tendency than any \of the other| common
nts. :

r occurs in steel principally in the form of sulfide inclusions.
usly, greater frequency of such inclusifons is to be expected in the
furized grades.

on is one of the principal deoxid¥zers used in steelmaking and,

fore, the amount of silicon present is related to the typel of steel.

d and capped steels contain no significant amounts of silijcon.

{11ed steels may contain moderate amounts of silicon, although there 1is
inite maximum amount thatocan be tolerated in such steels.| Killed

h steels may contain any amount of silicon up to 0.60% max|imum.

oh is somewhat less-effective than manganese in increasing as-rolled
gth and hardness. ‘Silicon has only a slight tendency to segregate. In
low ¢arbon steels, (S¥Ticon is usually detrimental to surface quality, and
this|condition is(more pronounced in low-carbon resulfurized grades.

CoppIr has a_foderate tendency to segregate. Copper in apprecipble amounts
is detrimental to hot working operations. Copper adversely affects forge
welding,<but 1t does not seriously affect arc or acetylene welding. Copper
s detrimental to surface quality and exaggerates the surface defects
1nhetent in resulfurized steels. Copper is, however, beneficiafl to
atmospheric corrosion resistance when present Tn amounts exceeding 0.20%.

Lead 1s an element sometimes added to carbon and alloy steels through
mechanical dispersion during teeming for the purpose of improving the
machining characteristics of such steels., When so added, the range is
generally 0.15 to 0.35%.

Boron is added to fully killed steel to improve hardenability.
Boron-treated steels are produced to a range of 0.0005 to 0.003%. Whenever
boron is substituted in part for other alloys, it should be done only with
hardenability in mind, because the lowered alloy content may be unsuitable
for some applications. Boron is most effective in Tower carbon steels.
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7.9 Chromium is generally added to steel to increase resistance to corrosion and

7.10 Nickel

oxidation, increase hardenability, improve high temperature stren
improve abrasion resistance in high carbon compositions. Chromiu
strong carbide former.
austenite slowly; therefore, a sufficient heating time before que
necessary.

Chromium 1s essentially a hardening element and 1s frequently use
toughening element such as nickel to produce superior mechanical
properties. At higher temperatures, chromium contributes increas

gth, or
mis a

Complex chromium-iron carbides go into solution in

nching is

d with a
ed

strenglh, but 1s ordinarily used for applications of this nature
conjunction with molybdenum.

, when used as anh alloying element in constructionaP)steel
ferrite strengthener.
it remains in solution in the ferrite, thus strengthening
toughening the ferrite phase. Nickel steels are easkly heat tre
because nickel lowers the critical cooling rate. ~In>combination

in

s, is a

Since nickel does not form any carbide compounds in

and
pted
with

chromijum, nickel produces alloy steels with greater hardenability, higher

strength, and greater fatigue resistance than are possibl
steels.

0.60%.
quenchiing, the reaction rates for transformation become consider
as compared with carbon steel. Molybdenum steels in the quenche
requine higher tempering temperatures to obtain the same degree

as comparable carbon and alloy<steels. Alloy steels that contai
0.15 0.30% molybdenum show-a minimized susceptibility to temp
embrittiement.

Vanadijum is one of the'strong carbide forming elements. It diss
some degree in ferrite, imparting strength and toughness. Vanad
show a much finer Structure than steels of a similar composition
vanadijum. Vanadium gives other alloying effects of importance,

increased hardegability where it is in solution in the austenite

e with

ts of

When molybdenum is in.solid solution in austenite prior to

bly slower
condition

f softness

n

r

plves to
ium steels
without
hamely
prior to

quenchiing, a\secondary hardening effect on tempering, and increased

hardnelss af elevated temperatures.

The (R) is for the convenience of the user in locating areas where technical

revisions have been made to the previous issue of the report.

If the

symbol is

next to the report title, it indicates a complete revision of the report.
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RATIONALE:
Not applicable.
RELATIONSHIP QOF SAE STANDARD TO ISO STANDARD:
Not applicable.
REFERENCE SECTION:
Alloy, Carbon, and High-Strength Low Alloy Steels, Semifinished for Forging; Hot

Rolled Bars; Cold Finished Steel Bars; Hot Rolled Deformed and Plain Concrete
Reinforcing Bars

Plates and RoflTed Floor Plates: Carbon, High Strength Low Alloy and’ Alloy Steel
Carbon Steel Pipe, Structural Tubing, Line Pipe, 0i1 Country Tubular Gopds
Sheet Steel; Carbon, High Strength Low Alloy and Alloy (Coils and Cut Lpngths)
Strip Steel; Carbon, High Strength, Low Alloy and Alloy
Tin Mi11 Products

Wire and Rods|, Carbon Steel

Cold Rolled Fllat Steel Wire

Railway Track|Materials

Stainless and| Heat Resisting Steels

Tool Steels
Wire and Rods|, Alloy Steel

Electrical Stpels

Steel Specialfy Tubular Products

Hot Rolled Stpuctural Shapes, Sheet Piling
APPLICATION:

This document describes the processing and fabrication of carbon and alloy
steels. The basic steelmaking process including iron ore reduction, the uses of
fluxes, and the various melting furnaces are briefly described. The various
types of steels: killed, rimmed, semikilled, and capped are described in terms
of their melting and microstructural differences and their end product use. This
document also provides a 1ist of the commonly specified elements used to alloy
elemental iron into steel. Each element's structural benefits and effects are

also included. A 1ist of the AISI Steel Products Manuals is included and
describes the various finished shapes in which steel is produced.
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