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FOREWORD 

Alloy Steels produced by Carnegie.lllinois Steel Corporation ore identified 

by the trade nome " U-S-S (crilley." This relatively new name does not 

signify a single grade of alloy steel , but rather serves as a nome and a mark 

of established quality for all Carnegie-Illinois Alloy Steels. 

While the nome "USS (orilley" is of recent adoption , the products it 

identifies ore far from being new or untried. Alloy steels hove been produced 

for many years by United Stales Steel Corporation Subsidiaries , including the 

former Carnegie Steel Company and the former Illinois Steel Company (now 

combined in Carnegie.ll iinois Steel Corporation). The Carnegie Steel Com. 

pany indeed wos one of the pioneer producers of alloy steels in this country. 

Under the quality trade name "U·S·S Carillay ," the alloy sleeis of Car

negie-Illinois Steel Corporotion ore produced on a "conlral" basis. Each 

order, mode to rigid specifications, demands-and receives-individual care. 

The steel craftsmen who produce "U-S-S Carilloy" steels are trained ta this 

precise production practice. They are drilled to think first ond always of 

quality. 

Becouse the making of "U-S-S Corilloy" is a precise and e)(acting process, 

Carnegie. lliinois Sleel Corporation has established separa te facilities devoted 

e)(ciusively to the production and handling of alloy steels. These equipment 

facilities are matched in caliber by the skill of mill and metal lurgical personnel. 

In "U-S-S Carilloy" production, temperatures are rigid ly controlled through 

each process. Special roll pass fOlmotions help to el im inate possible mechan

ical defects. Constant chemical and metallurgical checks are maintained. 

In melting , rolling, nnishing, heat-treating, annealing, testing-in each step 

from furnace to final inspection-Carnegie-Illinois alloy sleel production is on 

o controlled quo/ity basis. 

"U-S-S Corilloy" steels plOduced under these rigid methods are alloy steels 

that assure you consistently economical fabrication and promote the de

pendable performance of your products. 

There are four reasons why it pays to specify" U-S-S" when you select 

alloy steels. They are four emblems of leadership. 

Firsl: Modern mills wi th the most advanced equipment for making alloy 

steels. 

vii 
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Second : Unexcelled research facilit ies for improving existing practices and 

products, ond for developing new, better steels. 

Third: Efficient distribution of U-S-S (ari ll oy Alloy Steels. Our mills and 

warehouses are near you in miles ond hours. 

Fourth : A consu lt ing service offered to you at no obligation. Bring your 

problems in alloy steels to us. 

We wish this book to serve as a useful guide in your use of alloy and other 

special steels. We strongly recommend, however, that on each speci fic 

problem involving alloy steels you toke advantage of our trained consultonts . 

With your knowledge of steel processing ond our knowledge of steel making 

combined, questions are easy to answer, and difficulties disappear. 

To ind icate what we mean by "unexcelled research facilities," we invite 

you to toke a brief trip through our laboratories. To make this visit possible, 

the next few pages are devoted to illustrotions showing some of our research 

men at work. 

AClo .. t~. ,ive, "r. the oto<~. of lI;onl bloot fur. 
n<>Ce' whet. Or. i. con.erte'; Into ",oiten pig i,on 
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PURPOSE AND SCOPE OF THIS BOOK 

It is the purpose of this booklet to describe the mechanical properties of the 

various olloy and special steels, the foctors which influence them and the 

monner in which changes in properties ole brought about. 

The interest of a buyer of steel is in purchasing cerloin mechanical proper

ties. It is true that in on attempt to do so he moy specify chemical composi

tions, but these Ole not his primary concern. A buyer of alloy and special 

steels, furthermore, is often interested in purchosing two sets of properties in 

the same steel; namely, 0 soft condition, in which the steel moy be machined, 

and then adequate strength after the steel hos been hardened. 

The great value of heollreotoble sleellies in its affording this combination 

of properties ot low cost. Structurally, th is is due to the fact that iron and 

steel may exist in two different crystal forms , and that the change from one 

to the other takes place slowly enough to be control lable. When alloys are 

added, the chonge tokes place still more slowly, thus making it possible to 

treat large sections and to secure special properties. The change can be 

controlled to a high degree of precision . Hordening , tempering and anneal

ing operations may todoy be corried out with a regularity and precision that 

are quite adequate for even the most exacting requirements In industry, and 

it is the role of the steel-maker to provide sui table steels for the various 

specific uses. 

For the present discussion, steel may be considered to be on alloy of iron 

and carbon. Commercial steels contain small amounts of other elements, for 

example manganese to counteract the effect of sulphur, and silicon to lessen 

the amount of oxygen. But the reactions which toke place in heat treatment 

are governed largely by the behavior of the carbon, and the behavior of the 

corban is in turn infl uenced by alloys when these are present. 

Carbon is present in steel as a compound with iron , Fe3C, called carbide of 

Iron or cementite. When the steel is in its soft cond ition, this iron ca rbide is 

present as fairly coarse particles, readily discernible under the microscope. 

If the steel is to be ha rdened, it must be heated to 0 high temperature and 

then cooled rapidly (quenched). In the heating to the high temperature, the 

carbide goes into solution in the ilon. For a discussion of thiS dissolving of the 

iron calbide, see the section entitled " Iron-Corban Diagram." For a discU5-
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sion of commercial practice in this operation, see the section entitled "Heat. 
ing Practice for Hardening." 

If the heated steel is to be hardened , it must be cooled rapidly, usually by 

being quenched in water or oil. For a discussion of the behavior of the steel 

during different rates of cooling , see the section entitled "S·Curve 01 Harden. 

ing." For a discussion 01 commercial practice in quenching, see the section 

entitled "Quenching Practice." 

As stated above, the hardening of steel is due primorily to the effect of the 

carbon. When a steel has been heated so that the carbide is in solution, and 

when it is then cooled rapidly by immersing in water, the carbon does not 

have time to sepalOte from the iron and coagulate into large particles. That 

is to soy, the corban remains in a highly dispersed state , ond the resul ting 

steel is hard. In plain corban steels, the quenching must be carried out very 

rapidly in order to secure this hard condition. This means that in large sec· 

lions there is no possibility of hardening ploin corban steel, because even 

when quenching in water the cooling is not rapid enough. Most alloys couse 

the carbon reactions in steel to toke place more slowly (although some olloys 

have the opposite effect). A judicious selection of alloys therefore makes it 

possible to horden larger sections by quenching than can be done wilh plain 

carbon steels. Plain carbon steels are said to have "low hordenobility," and 

olloy steels higher hordenability . For a discussion of these effects, see the 

section entitled "Hardenability." The hardnesses actually obtained in 

quenching various steels in different sites ore shown in a separate chart ot 

the bock of the book. 

The present booklet is primarily concerned with a discussion of the mechan· 

ical properties of corban and olloy steels, as opplied in the Qutomotive, 

petroleum, aircraft, railroad, and machine and tool industries. Stainless and 

certain other grades are discussed in separate publications. 

" 



THE STEEL-MAKING ELEMENTS 

CARBON 

DISCOVERY 

Known to the ancients. 

OCCURRENCE IN NATURE 

Wood, cool , graphite, diamond, and 0 constituent of all plont life 

and all animal bodies. 

COMMERCIAL USES 

In a ll olganic chemical compounds, dyes , floyors, gosol ine, etc. 

Cool for heating; natura l and manufactured gas , gasoline, acetylene. 

Coke for heating. smelling. etc. 

Diamonds for industrial cutting and for gems. 

Cast iron. 

Steel. 

EFFECT IN STEEL 

The pr incipal hardening element . 

TVPES OF STEEL 

Low corbon, corbulizing glodes, structural steels, stainless. sheets. 

Medium corbon , woter.hordening and (with alloys) oi l-hardening, 

High carbon , spring steels, 1001 steels. 

PHYSICAL CONSTANTS 

Symbol: 
Atomic weight: 

Boiling point: 

Density: Diamand: 

( 

12.005 
65000 F. 
3.52 

Density: Graphite: '2. '25 

Type of crystal lattice and uni t cell edge: 

Diamond, tetrohedral cubic 0=3.56 A 
Graphite, hexagonal a = '2.46 A 

,=6.79 A 

19 
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MANGANESE 

DISCOVERY 

Discovered by Gahn (in Sweden) in 1774. 

OCCURRENCE IN NATURE 

Manganese ores, manganiferous iron a res. 

COMMERCIAL USES 

Glass-making. 

Steel. 

EFFECT IN STEEL 

Strong hOldening elemen t, deaxidizer, desulphurizer. 

TYPES OF STEEL 

Low Manganese, deoxidizer, desulphurizer. 

Medium Mongonese, for strength and response to quenching. Abra

sion. 

High Manganese, Hadfield steel, tough ness and wear resistance. 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 

M elting point: 

Boil ing point: 

Density: 

Mo 
54.93 
2240° F. 

3450° F. 
7.42 

Type of crystal lattice and un it cell edge: 

a: Cubic ...... 0=8.903 A 
p: Cubic. .. 0=6.289 A 
1': Face-centered tetragonal 0=3. 744 A 

,=3.533 A 

2. 
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PHOSPHORUS 

DISCOVERY 

Discovered by Brond (in Germony) in 1669. 

OCCURRENCE IN NATURE 

An importont constituent of bones. 

Commercial source: "phosphate rock" (calcium phosphate). 

COMMERCIAL USES 

Fertiliter. 

Free-culling steels. 

EFFECT IN STEEL 

Contr ibutes weathering resistance in presence of copper. 

Roises tensile strength. 

In large amounts lessens ductility, often considered on impurity. 

TYPES O F STEEL 

0.1 % in free-culling steels. 

Up to 0.2% in rust·resisting steels. 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 

P 
)1.04 

Melting point; 111 0 F. (yellow) 

Boiling point; 5540 F. (yellow) 

Density: 1.83 (yellow) 2.70 (block) 

Types of crystal lOll ice and unit cell edge: 

(block) Orthorhombic a = 3.31 A 
b= 4.)8 A 
<=10.50A 

(yellow) Evidence inconclusive. 

(ted) Evidence inconclusive. 

It 
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SULPHUR 

DISCOVERY 

Known to the ancients. 

OCCURRENCE IN NATURE 

Occurs as sulphur, also with iron (pyrite) and in other minerals. 

COMMERCIAL USES 

In rubber, lubricants, ocid,ploof cement. 

In gunpowder. 
In "sulphur matches." 

In bleaching compounds. 

In sulphuric acid. 

In free-cutting steels. 

EFFECT IN STEEL 

Enhanced machinability; causes hot.shortness which may be over· 

come by manganese; generally on impurity. 

TYPES OF STEEL 

0.05 to 0.30%, fr ee.c utting steels. 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 

Melting point: 

Boiling point: 

Density : 

S 
32.06 
23So F. (R). 
83'1" F. 
2.07 (R). 

2470 F. (M) 

1.96 (M) 
Types 01 crystollallice and unit cell edge: 

Rhombic (stable below 96°C.) 0=10.48 A 
b=12.92A 
<=24.SsA 

Monocli nic 0=26.4 A 
<=12.32 A 

II 
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SILICON 

DISCOVERY 
Isolated by Berzeliu5 (in Sweden) in 1823. 

OCCURRENCE IN NATURE 

Sand, quartzite (7% of earth's Clust). 

COMMERCIAL USES 

Gloss, portland cement, carborundum, brick, as compounds. 

Cost iron, steel, as dissolved element. 

EFFECT IN STEEL 
Deoxidizer and special properties. 

TYPES OF STEEL 

Low silicon in all alloy and special steels 05 deoKidizer. 

.5 to 2%. spri ng steels, structural steels. 

1 to 4%, transformer steel. 

2 to 3% . in heat-Jesisting stainless steels. 

10%, acid·,esisting iron. 

PHYSICAL CONSTANTS 

Symbol: 
Atomic weight: 

M el ting point: 

Density: 

s; 
28.1 

2590° F. 

2.42 

Ty pe of crystal lattice and unit cell edge: 

Tetrahedrol cubic 0=5.42 A 

" 
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CHROMIUM 

DISCOVERY 

Discovered by Vauquelin (in Fronce) in 1798. 

OCCURRENCE IN NATURE 

Chramite, etc. All chromium ores are oxides. 

COMMERCIAL USES 

Color and paint pigments (chrome yellow, etc.). 

Water treatment against corrosion (potassium dichromate). 

Chromium plating. 

Tanning. 

Electrical resistor and pyrometer wires (with nickel). 

Cost iron. 

Steel. 

EFFECT IN STEEL 

Hardenabilily, abrasion.resistance, stainless properties, heot.resistance. 

TYPES OF STEEL 

o to 1 %, automotive and form implement steels, gears, springs, tool 

steels. 

1 to 2%, ball bearing and roller bearing steels. 

2 to 4%, wear and heat-resisting steels, magnet steels, high speed 

1001 steels (with tungsten). 

4 10 6%, heat.resisting steels. 

12 to 16% , high-corbon, tool sleeis. 

12 to 14%, medium-carbon, cutlery. 

121030%, low-corbon, stainless and heat-resisting steels. 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 

M elting point: 

(, 

52.0 
2940° F. 

Barling painl: 4000° F. 

Density: 6.92 

Type of clystal lattice and unit cell edge: 

a: Body-centered cubic, usual 

(1: Close-pocked hexagonal , possible modiFication 

.. 
o~2.879 A 
o~2.72 A 
,~4.42A 
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NICKEL 

DISCOVERY 
Discovered by Cronstedt (in Sweden) in 1754. 

OCCURRENCE IN NATURE 

Sulphide ores. As metal in meteors (rare). 

COMMERCIAL USES 

Coinage. 

Magnetic alloys. 

Metallic nickel. 

Nickel-copper alloys. 

Electrical resistor and pylOmeter wires (with chromium). 

Cost iron. 

Steel. 

EFFECT IN STEEL 

Toughness , hOldenobility, corrosion-resistance. 

TYPES OF STEEL 

o to 4%, automotive, form implement and railroad steels. 

5%, special corbulIZing sleeis. 

6 to 20%, stainless and heat-resisting steels. 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 

Melting point: 

Density 

N; 
58.6B 

26SOO F. 
B.9 

Type of crystal lattice and unit cell edge: 

0: : Close-pocked hexagonal 0=2.49 A 
,~4.0B A 

fJ : Foce.centered cubic 0=3.517 A 

" 
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MOLYBDENUM 

DISCOVERY 

Discoyered by Hjelm (in Sweden) ot the suggestion of Scheele, in 

1180. 

OCCURRENCE IN NATURE 

Molybdenum sulphide (molybdenite). 

Colcium molybdate. 

COMMERCIAL USES 

Plates and grids fOI vocuum tubes. 

Point pigment. 

Cost ilon. 

Steel. 

EFFECT IN STEEL 

Haldenobility, occasional free-cutting agent . 

High temperature hardness. 

TYPES OF STEEL 

o to .3%, automotive and allied steels. 

o to .6%, die steels, heat-resisting steels. 

o to 4%, special corrosion-resisting opplicotlons (in stoinless steels). 

2 to 8%, high-speed steels. 

PHYSICAL CONSTANTS 

Symbol : 

Atomic weight: 

M elting point: 

Boi ling point: 

Density: 

Mo 
96.0 
47600 F. 
65000 F. 
10.3 

Type of crystal la tt ice a nd unit cell edge: 

Body-centered cubic 0= 3.14 A 

,. 
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VANADIUM 

DISCOVERY 
Discovered by del Rio (in M exi co) in 1801. 

OCCURRENCE IN NATURE 

Vari ous oxide and sulphide ores . 

COMMERCIAL USES 

Steel. 

EFFECT IN STEEL 
Toughen ing agent by grain refinement, and in larger percentages a 

hardener. 

TYPES OF STEEL 

o to .25%, automotive and 1001 steels. 

1 to 2%, high.speed tool steels. 

PHYSICAL CONSTANTS 

Symbol: 
Atom ic weight: 

M elting po int: 

De nsity : 

V 
51.0 
31300 F. 
6.0 

Type of crystal lattice and unit cell edge: 

Body-centered cubic 0::: 3.01 A 

" 
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COPPER 

DISCOVERY 

Known to the ancients. 

OCCURRENCE IN NATURE 

As o)Cides, as sulphides and as metallic copper. 

COMMERCIAL USES 

Is one of the metals most widely used in pure form. 

Wire fOI electrica l purposes. 

Coinage. 

M ojor constituent of bronze and bross. 

Household and industriol uses. 

Copper plating. 

Steel. 

EFfECT IN STEEL 

Corrosion resistonce. Occosionolly fot hardening. 

TYPES OF STEEL 

0 .2 to 0.8%, weather-resisting steels. 

Up to 4%, hardening effects. 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 

M elting point: 

C, 
63.51 
1980° F. 

Boiling point: 4190° F. 

Density: 8.93 

Type of cryslollottice and unit cell edge: 

Face-centered cubic 0= 3.608 A 

" 
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TITANIUM 

DISCOVERY 

Discovered by Gregor (in England) in 1791. 

OCCURRENCE IN NATURE 

As oxide compound . Rutile. Ilmen ite . 

COMMERCIAL USES 

White paint pigment. 

Steel deoxidizer. 

EFFECT IN STEEL 

Deoxi d izer. Denitrider. 

TYPES OF STEEL 

Low-carbon steels , deoxidizer. 

Stainless steels , to "fix" carbon. 

PHYSICAL CONSTANTS 

Symbol: Ti 

Atom ic weight: 48.0 

M elting point: 3270° F. 

Density : 4.55 

Type of crystal lattice and unit cell edge: 

Close-packed hexagonal a = 2.95 A 
c=4.73 A 

29 
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COLUMBIUM 

DISCOVERY 

Discovered by Hatchett (in England) in 1801 . 

OCCURRENCE IN NATURE 

The mineral columbite (o_ide). 

COMMERCIAL USES 

As metal and in steel. 

EFFECT IN STEEL 

Combines with corbon. 

TYPES OF STEEL 

In stainless steel, to "rix" carbon. 

PHYSICAL CONSTANTS 

Symbol: 

A tomic weight: 

M e lting poi nt: 

Cb 
92.9 
3540° f . 

Density : 8.4 

Type of crystal lattice and uni t cell edge: 

Body-centered cubic a = 3.294 A 

.0 
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ZIRCONIUM 

DISCOVERY 

Discovered by Klaproth (in Germany) in 1789. Reduced to metal by 

Berzelius (in Sweden) in 1824. 

OCCURRENCE IN NATURE 

Widespread occurrence as o)(ide, silicate, etc. 

COMMERCIAL USES 

Opocifier in enamels. 

The oxide is used as a refractory. 

The metal as a steel deoxidizer. 

EFFECT IN STEEL 
Deoxidizer; denitride!. 

TYPES OF STEEL 

Small amounts used for deoxidation. 

PHYSICAL CONSTANTS 

Symbol: 
Atomic weight: 

M elting point: 

Density: 

Z, 
90.6 
30900 F. 
6.4 

Type of cryslal lattice and unit cell edge: 

a: Close-pocked Hexagonal 0=3.22 A 
,~5.12 A 

p: Body-centered cubic 0=3.61 A 

31 
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ALUMINUM 

DISCOVERY 

Prepared by Oersted (in Denmark) in 1825, and Wohler (in Ger

many) in 1827. 

OCCURRENCE IN NATURE 

Very widespread in clays and rocks. 

Cammerciol source for metal is the mineral bauxtle. 

COMMERCIAL USES 

The oxide as abrasive and as refractory. 

The meta l as such in industrial and household uses. 

Allayed with copper. 

Steel. 

EFFECT IN STEEL 

Deoxidiler, groin refiner . 

TYPES OF STEEL 

Wide use in small amounts in man y grodes . 

Up to 1.5%, a steel alloy for surface hardening by nitrogen . 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 

M el ting point: 

Bailing point: 

Density: 

AI 
27.0 
12200 F. 
32700 F. 
2.70 

Type of crystal lallice and unit cell edge: 

Face-centered cubic a = 4.04 A 

" 
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TUNGSTEN 

DISCOVERY 
Discovered by Scheele (in Sweden) in 1781. 

Reduced ta metal by the d'Elhuyar Brothers (in Spain) in 1783. 

OCCURRENCE IN NATURE 

Largely as oxide compounds. Calcium tungstate (scheelite). 

COMMERCIAL USES 

Lamp filaments (the pure melal), sinlered tools and dies (carbide). 

High-speed tool steel. 

Heat-resisting steels. 

Ma gnet steels. 

EFFECT IN STEEL 

Provides stab ility 01 high temperature. 

Also special uses. 

TYPES OF STEEL 

5%, magnet steels. 

12 to 25%, high·speed tool steels. 

1 to 5% in chromium nickel heat-resisting steels. 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 

Mel ting point: 

Density: 

W 
184.0 

6150° F. 

19.3 

Type of crysta l lattice and uni t cell edge: 

Body·centered cubic a = 3.1 59 A 

" 
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COBALT 

DISCOVERY 

Discovered by BlOndt (in Sweden) in 173 5. 

OCCURRENCE IN NATURE 

As ox ide and sul~hide ores. 

COMMERCIAL USES 

For coloring gloss blue, also orlificial gems. 

Steel. 

EFFECT IN STEEL 

High-temperature stability. 

Magnetic properties. 

TYPES OF STEEL 

2 to 5% in high-speed tool steel. 

5 to 30% in mognet steels. 

PHYSICAL CONSTANTS 

Symbol: 

Atomic weight: 
Co 
58.97 

M elting point: 2630° F. 

Density : 8.71 

Type of crystal lattice and unit cell edge: 

a: Clase·packed hexagonal unit ceU edge 

{j: Face-centered cubic unit cell edge 

,. 

0=2.51 A 
,= 4.07 A 
0=3.545 A 
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THE STEEL_MAKING ELEMENTS 

IRON 

DISCOVERY 
Known to the ancients (Biblical, Egyptia n, etc.). 

OCCURRENCE IN NATURE 

Occurs as iron ores (hematite, magnetite, limon ite, siderite, etc.) and 

as impurity in many other ores. As metal in meteors. Constitutes 

4 1/ 2% of the earth's crust. 

PHYSICAL CaNST ANTS 

Symbol: 

Atomic weight: 

M el ting point: 

Boi ling point: 

Densi ty: 

Fe 
55.84 

2780° F. 
4440° F. 
7.88 

Type of crystal lattice and unit cell edge: 

CI':: Body-centered cubic 2.861 A 
')': Face-centered cubic 3.564 A" 

·e~lrapolat ",d ta raom temperature. 

For brief chronolog y, see following pages. 

" 



CHRONOLOGY OF IRON 

The nome of ilon in ancient Egyptian was J \J ~ ::=::: meaning 

Stone 01 Heaven , and in ancient Babylonian was Ana-bar, also said to mean 

Slone of Heaven. There seems to be on obvious relation to meteorites. 

Prior 10 1300 S.c. Only six iron articles ole known which con definitely 

be shown to belong prior to this dole. Two 01 these Ole of meteoric iron. 

1000 S.c. By this time iron wos being mode regularly for weapons and 

instruments. 

300 S.c. to 200 A.D. Very extensive iron olms loctories established by 

the Romans. 

1000 A.D. to 1700 A.D. Skilled development of the charcoal heorth 

process for making ilon , loter carburizing it (in charcoal) to make steel. 

1556 Agricola published "De Re Metollico." 

1643 Iron wOlks established ot Lynn , Moss., the first in what is now the 

United States. 

1740 Huntsman inven ted the crucible melting process for steel (England). 

1796 Clouet in France proved that steel is iron and carbon, by making steel 

from pure iron and a diamond. 

In 1815, the first pipe line for coal gas distribution, for lighting purposes, 

was mode by assembling old musket barrels. (England.) 

1831 First all . iron rails used. Camden and South Amboy Railroad near 

Philadelphia. 

1832 a committee of the FlOnklin Institute designed and built a tensile 

testing machine. 

About 1850 the first all-iron ship built . 

.. 



CHRONOLOGY OF IRON 

About 1850 to 1856. Kelly in U. S. and Bessemer in England invented 

the "Bessemer" process. 

About 1860. Mushet developed a tungsten air-hardening tool steel, the 

first commercial alloy steel. 

About 1862. Siemens invented the open hearth furnace. 

About 1878. Thomas and Gilchrist invented the basic Bessemer. 

About 1880. Ni and Cr used in armor plate. 

About 1883. Osmond filst announced transformation points in iron and 

steel. 

About 1885. The first steel skyscraper (10 stories) built in Chicago. 

About 1886. Sorby described microstructure of steel. 

About 1890. Herault invented his elechic furnace. 

About 1893. 12% manganese steel invented by Hadfield. 

About 1890 to 1900. Ni and Cr steels used more generally, as in guns 

bicycles, shafts, etc. 

About 1900. Brinell invented his hardness test. 

1906. First tonnage production of alloy steel (chrome-vanadium) for 

automobiles. 

1914-1918. World War responsible for tremendous industrial develop

ment in alloy steels. Automobile industry prime factor in subsequent years. 

" 
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TAB L E OF FUNCTIONS OF THE ELEMENTS 

Princi pal Effech in Med ium or H igh Corban Steel 

To F ..... 
Ca. bid. " 

I. 0.0-.;", To r ... ", 
InC'.OM I. v_. O.ld. P<><1.ele. 

Alloy Hcwd ... · St. ... g'h." " ""01,,1", ,A 1I . ... oln [ 1 __ " , 
otHli'y f .... i ... G".i" c;.oWlh c;,.,i" GooWlh 

M" Shang Shang M ild Wea k 

51 M odelate Strong No Moderate 

C. Sha ng M ode.""I .. M odorot. Weak 

Ni Ma dera te Sha ng No No 

Mo M odera te" W~, Sha ng Wea~ iF a ny 

W M oderate" W~k Silang Weo~i l any 

V M ild" Wea~ V . sha ng Prob. sha ng 

Ti W~k W~' V . Shang P,ob . sha ng 

Co W~k Silang V . weak No 

AI Mode rate Stra ng No Stla ng 

Z. Pra b . wea~ Wea~ Modera te Strong 

C, M ild M oderate No No 

·'h ... deoillftOlion. ,.I .. to ,,,- behv.l ... in " .. I. o. u ..... llv h ..... r .... red. It .hO<lI~ IR ,,01'" Iloar M o. W a"~ V 
",lie" a<luaU, d."oI .. d '" A~'t .... ". g<oatl v 111< ...... hauI_bill, v. 
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DEFINITIONS OF TERMS 
RELATING TO STEEL 

and ITS HEAT TREATMENT 

(Token f,om the 1936 edition of the Metals Handbook of the 
American Society lor Metals. ) 

Ac id Steel-Steel melted under a slag which has on acid reaction and in 

a fumaee with an acid bottom and lining. 

Aging-The term originally applied to the process or sometimes to the 

effects of allowing a metal to remain ot ordinary temperatures. H eal treat

ment at temperatures above normal for the purpose of accelerating changes 

of the type thot might toke place on aging at ordinary temperature is coiled 

"artificial aging," and sometimes merely "aging." When the changes taking 

place during artificial aging Ofe due to the precipitation of some substance 

hom solid solution the heal treatment may be called "precipitation treotment." 

Alloy Elements-Elements added for th e purpose of improving properties. 

Alpha Iron-The crystalline form in which pure iron exists at relatively low 

temperature. The structure is "body-centered cubic." See ferrite. 

A morphous-Nan-c ry sta II j n e. 

Annealing-A heoting ond cooling operation of 0 moterial in the solid 

state. Annealing usually implies 0 relotively slow cooling. 

Note- Anneoling is 0 comprehensive term. The purpose of such 0 heot trea tment 
may be: 

(0) To remove stresses. 
(b) To induce softness. 
(c) To alter ductility, toughness, electrical, magnetic or other physical properties. 
(d) To refine the crystalline structure. 
(e) To remOVe gases. 
(I) To produce a definite microstructure. 

In annealing, the temperature of th e operation and the rate of cooling 

depend upon the materiol being heot treoted ond the PURPOSE of the 

treotm ent. 

" 
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Certain specific heat treatments coming under the comprehensive term 
"annealing" are: 

A . Full Annealing-Heating iron bose alloys above the critical 

temperature range, holding above that range for a proper period of 

time, followed by slow cooling through the range. 

Note-The onneoling temperotu.e is generolly obout 100 F. obo"8 the upper 
limit of the cri ti co l tempefoture ronge, ond the time of holding ii uwolly not less thon 
1 hr . lor each inch of section of the heov;eit objects being heated. The objech 
being treoted ore ordinorily ollowed 10 cool slowly in the lurnoce. They moy, how. 
ever, be removed from the furnoce, ond cooled in some medium which will prolong 
the time of cooling os compored to unfestr icted cooling in the oir. 

B. PlOcess Annealing-Heating iron bose alloys to a tem perature 

below or close to the lower limit of the crilicaltemperature lange followed 

by cooli ng as desired. 

Note- This heat treatment ii commonly opplied in the sheet ond wile industries 
ond the temperotures generolly used ole hom 10'20· ' '200' F. 

C. Normalizing-Heati ng iron bose alloys to opproK imately 1 OfF F. 

above th e cri lical temperature range followed by cooling to be low that 

range in still ail at ordinary temperature. 

Note- Normolizing is rorely procticed with hypereu tecto id Iteels becouse of the 
coorsening of the groin ond the tendency to cryslollile cementile 01 groin boundaries 
or rn needles. However, it moy sometimes be nec:essory to normolize thew sleeli 
by heoting them obove the A Com line of Ihe iron·corbon diogrom. 

D. Paten ting-Heating iron bose allays above the Clitical temper

ature range, followed by cooling to below that range in air or in molten 

lead mainta ined at a temperature of about 7000 F. 

Note- This treotment is opplied in the wire industry o s 0 finishing treotmenl or 
eipeciolly in the case 01 eutecloid steel, 01 0 treatment previous to further wire draw. 
ing. It s purpose is to produce 0 fine pearlitic structure. 

E. Spheroidizing-Prolonged heating of ilOn base alloys at a tem

pera ture in th e neighborhood of, bul generally slightly below, the Clitical 

temperature longe , usually followed by relatively slow cooling. 

N ole- (o) In the cOle of smo1J objects 01 high corbon steels, Ihe spheroidi l ing 
result is ochieved more ropidly by prolonged heoting to temperoture olternotel y 
within ond slightly below the cri ticol temperoture range. 

(b) The object of th is heol treatment is to produce (I globulor condition of the 
corbide. 

.. 



DEFINITIONS OF TERMS RELATING TO STEEL 

F. Tempering-{also te rmed Dlowing)--Reheoting iron bose ollo ys, 

aiter ha rden ing. to some temperature below the critical temperature 

longe, followed by any desired lole o f cooli ng. 

Note (0) Although the te rms " tempering" orld " dIClwing" o.e practically synon
ymoul at u$ed in comme.dol practice, the le,m " tempering" il prelefled. 

(b) Tempering, meaning the operat ion of hardening foll owed by re"eoting, is 0 

usoge which is illogical and confusing in the plesent slole of the ort 01 heo! treating 
and should be d iS(:Quloged. 

G . Molleobleizing- Molleobleizing is a type of annealing opera

tion with slow cooling whereby the combined corbon in white cosl iron 

is portioll y or wholly transformed to temper corba n and in some cases 

the corban is entire ly removed from the iron. 

Note- Te mper cOlbon it f," corbon in the form of rOlJnded nodule$ mode up of on 
ogglegot. of minlJ!e c rv~tol t. 

H. G loph itiling-Grophitiling is a type of annealing for gray cost 

ilon whereby some or all 01 the combined corban is transformed to free 

or uncombined corban. 

AUltenite-Gomma iron containing any other element In solution. See 

gamma iton. 

Bosic Steel-Steel melted under a slog haying a basic reaction and in a 

furnace with a basic bollom and lining. 

Bessemer Process- A process for making steel by blowing air through 

molten pig i,on contained in a suitable vessel, thus removing the impurities 

by oxidation. 

Billet-A semi -fin ished rolled ingot 01 rectangular ClOSS sedion or nearly 

so. In general the te lm " billet" is used when the cross section ranges from 

4 up to 36 sq. in., the width always being less than twice the thickness. Small 

Siles ale usually classed as bars or "small bill ets." The telm " bloom" is 

properly used when th e ClOSS section is greater than about 36 sq . in., but th is 

distincti on is not universolly observed. 

Blister-A defect in metal produced by gas bubbles ei ther on the su rface 

or fOlmed beneath the surface whil e th e metal is ha l or plastic. Very fine 

blistels are called pinhead or pepper blisters. 

Blider Bar-Wrought iron bars impregnated with calbon and used in the 

manufacture of crucible steel. Also coiled blister steel. 

i 
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Bl oom-See bille t. 

Bl ue Britt lenen-Blittl eness occuning in steel when in the temperature longe 

of 400-10Cf F., or when cold ofter bei ng worked within this temperature range. 

Burning- The heating af a metal to a temperature suffic iently close to the 

melting poi nt to couse permanent injury. Such injury may be caused by the 

melting of the more fusible constituents, by the penetration of gases such os 

oxygen into the metal with consequent reactions , or perhaps by the segrega

tion 01 elements already present in the metal. 

Carbon Steel-Steel which owes its properti es chiefly to various percentages 

01 carbon without substantial amounts of other alloying elements; olso known 

as ardinary steel or straight carbon steel. 

Carboni lation-Coking or driving off the volatile mailer from fuels such 

as coal and wood. (Carbonizing should not be confused with "calburiling" 

q . v.) 

Carburi t ing (Cementation}-Addlllg carbon to iron bose alloys by heating 

the metal below its melting point in contact with carbonaceous solids, liquids 

or gases. 
Note- The term "corbonizing" used in this sense is incorrect so ils use should be 

discouroged. 

Cementite-A compound of iron and carbon, Fe3C, which is the form in 

which carbon occurs in unhardened steels. 

Clea va ge Plane-Crystals possess the property of breaking more readily 

in one or more duections than in others. The planes of easy rupture are coiled 

cleavage planes. 

Cold Working-Permanent deformation of a metal below its recrystal-

lization temperature. 

Critical Poi nts-See the article "Iron-Carbon Diagram" in this booklet. 

Critica l Range-See critical points. 

Critical Temperature-See critical points. 

Cup Fracture- The form of fracture of a tenSile test specimen when the 

exterior portion is extended and the interior relatively depressed , so that it 

looks like a cup , as the nome implies. When only a portion 01 the exterior is 

extended the terms "hall cupped" and "quarter cupped" are used , as the case 

may be. 

•• 



DEFINITIONS OF TERMS RELATING TO STEEL 

Cyaniding-Sulface haldening of on ilon bose alloy ortrcle 0 1 portion of rt 

by heating at a suitoble temperature in contact with a cyanide soh, followed 

by quenching. 
Decarburitalion- The remova l of carbon (usually rcfers to the surface 01 

solid steel). 

Dendrite-A crystol formed during solidification having many bronches 

and a tree·like patteln ; also termed "pine tree" and " fir tree" crystals. 

Divorced Cementite-See spheroidal cementite. 

Elongation- The amount of permanent stretch , before rupture; usually 

expressed as a percentage of the original length, such as 25% in 2 in. 

Endurance limit-The maximum stress to which material may be subjected 

on Indefinitely large number of times without causing failure. 

Eutectic-An alloy having the lowest meltIng poi nt possible with the given 

components. 

Eutectoid Steel-A steel of the eutectoid composition. In plain carbon 

steel th is composition is considered to be between 0.85 and 0.90% carbon. 

Compositi on S on the iran·corbon diagram. In a lloy steels the corba n content 

may be considefObly lower. 

Ferrite-Alpha iron containing any other element in sol ution . See alpha 

iron. 

Felroal!ays-An a lloy of i,an with a sulficient amount of some element or 

elements, such as manganese, chromium or vanadium, used as a means of 

introducing these elements into steel. 

Fiber Siren- Local unit stress at a point or line on a seelion over which 

stress is not uniform , such a s the cross seelion of a beam under a bending load. 

Finishing Temperature-The temperature at which hot mechan ica l working 

of metal is completed. 

Flakes-Portions of a steel fracture with a bright, scaly appeOlance. 

Free Ferrite-Fellite which is struelurally sepa rate and distinel. 

Gamma Iron- The crystall ine form in which pUle iron e)(ists at relatively 

high temperoture (between the A 3 and A4 cri tical pOInts). The shucture 

is face ·centered cubic. See austenite. 

Globular Cementile-See spheroidal cementi te. 

Grain Growth-An increase in the glai n site of metal. 

Hot Shortness-Brittleness in metal when hot. .. 
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Hypereutectoid Steel-A steel containing more than the eutectoid per

centage of carbon. See eu tectoid . 

Hypoeutectoid Steel-A steel containing less than the eutectoid percent

age of cOlbon . See eutectoid. 

Impact T est-A test in which one or more blows are suddenly applied to a 

specimen. The results are usually expressed in terms of energy absorbed or 

number of blows (of a given intensity) required to break the specimen. 

Killed Steel-Steel treated with aluminum, silicon or equivalent "k illing 

a gent" so that no gas is evolved during solidification. 

Ledeburit_The carbide-austenite eu tectic forming at point C on the iron

carbon diagram. During cooling the austenite in ledeburile transforms to 

ferrite and carbide. It is found in cast iron and high alloy sleeis such as high 

speed steel. 

Macroscopic-Visible either with the naked eye or under low magnifica

tions (up to about 10 diameters). 

Macrostructure-The structure and internal cond ition of meta ls as revea led 

on a ground or polished (and sometimes etched) sample, by either the naked 

eye or under low magnifications (up to abaut 10 diameters). 

Martensite-A microconstituent or structure in quenched steel choracteriled 

by on acicular or needle-like patie," . It has the moximum hardness of ony 

of the decomposition products of austenite. 

Note- latest reseorchet indica te that matlensite i ~o super-saturated solid solution 
01 corbon in iron. When the steel contains len than O.60r~ carbon, the X_ray 
diffraction lines indicating tetragonal crystalline lattice do not oppear; the o~ial 
.otio of the tetragonal crystal increases with carbon content, being c:a - 1.03 lor on 
0.80% carbon steel and 1.07 for a 1 .60('~ carbon steel. The dominont orientation 
01 martensite depends upon that 01 the porent austenite groin. 

Modulus of Elasticity-The ratio, within the limits af elasticity, of the shess 

to the corresponding shoin . The stress in pounds per square inch is divided by 

the elongation in froctions of on inch for each inch of the original goge length 

of the specimen. 

Neumann Bands-ParaHellines or narrow bonds running across crystalline 

grains of metal. The lines 01 bands undoubtedly ind icate mechanicol twins. 

Neumann bonds are genelOlly produced by a sudden deformation of the 

metal such as would result from shock, impact or explosion . .. 
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Normol i:r.ing-See annealing. 

O verheating- Hea ting to such high temperatures that the groins have 

become coarse, thus impai ring the properties of the steel. 

Patenting-See Annealing. 

Pearlite-The lamellar aggregate of ferrite and carbide resu lt ing hom the 

direct transformation of austenite at Arl. 

Note- It is recommended that this word be reserved lor microstructures consis ting 
01 thin plates or lamellae- that is, those that may have a pearly lusler in white light. 
The lamellae can be very thin and resolvable only with the best microscopic equip
ment and technique, which fact has caused many fine peorli tes to be e rr oneously 
called " !roosite" a. "sorbite." 

Pine Tree Crystals-See Dendrite . 

Quenching-Rapid cooli ng by immersion . 
Note- Immersion may be in liquids, gases 0' solids . 

Red Shortneu-Briuleness in steel when it is red hal. 

Reduction of Area-The difference between the original cross sectional 

areo ond that of the smallest area at the point of rupture. It is usually stated 

as a percentage of the origi nal area, also called "contraction of area." 

Rimm ed Steel-A low carbon steel which (0) is effervescent when cast and 

during a considerable part of its solidification, (b) neither rises nor fall s in the 

mold to any marked extent; (c) when completely so lid ified has no pipe but 

blow holes both centrally located and deep seated below the surface; (d) has 

been cleansed from some of the impurities and dirt because of their rising to 

the top dur ing the agitation of the molten metal by the escaping gases; and 

(e) has a cross section divided into three fai rly well defined Iones; (1) a very 

cleon thin outer layer of nearly the same chemica l composi tion as when 

poured; (2) a cenlla l portion; and (3) on intermediate pori ion. The three 

zones a re positively and negatively segregated with respect to metalloids. 
Note - The term ",immed" comes from the fact that during the g.oduol f.eeling 

inwards f.om the sides the molten portion at the top or the ingot becomes smolle. and 
smolle. ond is iOid 10 " .im in" until finally the whole top is solidified . 

Secondary Hardening- Hard ness developed by temperi ng high a lloy 

steels. 

Self Hardening Steel-Alloy tool steel tha t becomes sufficiently hard by 

cooling in air (sometimes on air blost is employed) and whose cutting edges 

remain practically intact at temperatures opproaching a visible ,ed . 
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Slip Bands-A series of parallel lines running across a crystalline groin. 

Slip bonds are formed when the elastic limit is passed by one layer or portion 

of the crystal slipping over another paltion along a plane, known as the slip 

plane. 

Slip Plane-See slip bonds. 

Sonims-Solid non-metallic inclusions in metal. 

Sotbite-A late stage in the tempering of martensite, when the carbide 

particles have grown so that the structure has a distinctly glOnular appearance. 

Further and higher tempering causes globu lar carbides to appear clearly . 
Note- Monv times the term sorbite i~ e"QneQu~lv given to on imperfectly devel. 

oped peorlite or mi~ed ~tructure in ~teel. 

Spheroidal or Spheroidized Cementite-The product of long annealing of 

unhardened steel (spheraidizing anneal) near but below its transformation 

range, whereby the carbide lamellae in pearlilic areas boll up into small 

globules in the ferrite matrix. The some structure is achieved by long, high 

tempering of hardened steel. 
Note- The term "spheroidiled pcorlitc" should be avoided, when the structure 

is undoubtedly the result of spheroidiling anneal of a peorlitic steel. The term 
"spheroidite" has been proposed. 

Spheroidixing-5ee annealing. 

Tempering-See annealing. 

Troostite-A mictacanstituent of hOldened or hardened and tempered steel 

which etches rapid ly and therefore usually appears dark . It consists of a very 

fine aggregate of ferrite and cementite and is not resolved . 
Note- Two entirely different structures are hequently confused and called IrOQstite. 

Since the nodular , quick etching micro·constituent found in steels cooled slightly too 
slowly to be fully mortensi!ic can be resolved into very fine pearlite, it is recommended 
that the use of the term Iroostile or " quenching or nodular troostite" to denote th is 
structure be avoided. "Temper troostite" is the firsl product of the tempering of 
martensite and consists of submicroscopic pOrticles of carbide in ferrite , and is fre· 
quently indistinguishable in general appearance from a quickly etching martensite. 
If the word Iroostite is to be retained it should be reserved for this. It changes on 
higher tempering by indistinguishable degrees into sorbi te. 

Widmanstatten Structure-When the austenite in low carbon steel trons

forms to ferrite and pearlite in such a manner as to produce mOlked precipita

tion of the ferrite 01 the crystallographic planes so thai the fertite appears as 

long continuous plates which occur in definite directions in each groin, the 

structure is referred to as the Widmonstalten structure. The term is sometimes 

applied to similar structures in other alloys . .. 
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Yield Point-The load pet unit of original Cr055 section at which, in soft 

steel, a marked increase in deformation occurs without increase in load . In 

other steels and in non· ferrous metals, "yield point" is the stress corresponding 

10 some definite and orbitrary loto l deformation , permanent deformation or 

slope of the stress deformation curve; commonly, the stress corresponding to 

a unil deformation of obout 0.5%. 
Young's Modulus-See modulus of elosticity. 

The above definitions are quoted by permission of the American Society 

lor Metals from the 1936 Metals Hondbook . 
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IRON-CARBON DIAGRAM 

The iron-carbon diogram is in essence a concise statement of the tempero

tures at which transformations lake place in corbon steels when they ore healed. 

An iron-corbon diagram is shown in the accompanying figure, Fig. 1 , and 

its significance may be ill ustrated with a simple exomple. A piece 01 steel 

contoining 0.43% cOlbon consish in its annealed or unhOldened condition 

01 regions of relatively pUle iron, coiled ferrile, and regions of pearlite which 

is th e corbon-contoining consti tuent o f steel. Thi s structure is iHushoted in the 

accompanying photomicrograph , Fig _ 2. The light regions ore fenile and the 

dork (mottled or laminated) legions ore pearlite. If a piece of steel which is 

constituted of these structures is heated , these shuctures remain as they are 

over 0 certain range 01 temperature. Thus, no cha nge occ urs as the steel 

is hea ted up to a temperature of about 1320° F. When this temperature is 

reached, however, a change in the structure sets in, and this tempelOlure is 

therefore coiled the lower criticallemperature. The change is that some 01 the 

pearlite transforms to the high-temperature form of steel ; the i ron in the pearlite 

transfarms and at the same time takes the carbide into solution , thus lorming 

the hig h-temperature solution of calbon in iron coUed austenite. The shucture 

is shown in Fig. 3, Actually, the sample was quenched in water (/rom this 
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tempelOture of 1320° F.) , so that the regions which were austen ite at the high 

temperature are now the hard constituent martensite. With a further sma ll rise 

in heating temperature, the pearlite is soon transformed entirely to austenite. 

Thus at a tempelOture of 13400 the peorlite is practically entirely thus trans

formed, only small regions of it remaining as shown In Fig. 4. The structure 

of Fig . 4 is mostly martensite (prior austenite) and ferrite . At this temperature 

most of the original ferrite is still present, but os the hC'ating temperature is 

raised further the austenite begins to encroach into the ferrite and ob50lb it. 

Thus at 1380° F. , as shown in Fig. 5, the pearlite has entirely transformed and 

the austenite has absorbed a celtain amount of the ferrite. As the temper

ature is raised sti ll further, the austenite spreods more and more, until ot a 

temperature of about 1450° F. the steel consists entirely of austenite and upon 

quenching is therelore wholly martensite, as in Fig. 6. 
It is noted that the first change in structure occurred at about 13200 F. and 

that the change was completed at about 1450° F. These two points are called 

the lower and upper critical points on heating. RefeHing now to the iron

calbon d iagram, Fig. 1, it will be observed that the diagram shows temper· 

ature plotted vertically and carbon content plaited hOlirontolly. If a vertical 

line is elected at the position of 0.43% carbon, it will be found to intersC'ct 

the lines on the diagram at about 13200 F. and at about 14500 F. The dia · 

gram thus indicates the temperatures of the two critical points lor this steel. 
In the some way, it indicates the critical temperatures for other corban can· 

tents. Thus, if a line is erected at 0.15% carbon , it is found that the lower 

critical point is at about 13200 F. and the upper cil lical point is at about 

15500 F.; at 0.65% carbon the respective cri tical points are at about 1320° F. 

and about 13700 F., and at 0.75% carbon the two critical points merge ot 

about 13200 F. 
It is important to note that the iron-corban d iagram of Fig . 1 represents 

some ploin.corbon commercial steels. Such stee ls contain appreciable 

amounts of manganese anel silicon, which change the iron-corban eliogrom, 

as shawn in Fig . 7. Thus in the Frequently cifeel diagram Far pure iron-corban 

alloys, the lower critica l temperature is about 13400 F. (insteoel of 13200 F, 

as in Fig. J) anel the "eutectoiel" point is at 0_85% corban (insteoel of at 

0.75% as in Fig, J). The iron-corban eliogrom shou/el therefore be useel only 

as a rough approximation to the exact critical points of commercial steels, 

since alloys other than carbon affect it. 
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USE OF THE IRON-CARBON DIAGRAM 

FOR HARDENING OPERATIONS 

To secure the fullest possible hardening , it is necessary to eKceed the upper 

critical temperature, In order that all ferrite may be dissolved. Fig. 5. which 

represents a temperature between the lower and upper critical temperatures 

of the 0.43% carbon steel shown there, indicates that a large portion of the 

felfite is still untransfarmed . A piece quenched from this temperature has 

a Rackwell-C hardne.s of only 51. Fig. 6 on the other hand shows the .ame 

steel quenched from above the upper critical temperature , that is to soy when 

the ferrite hod all been transformed and the structure was entirely austenite. 

A piece quenched from this temperature hod a Rockwell-C hardness of 60, 

and was fully hardened. 

It should be noted however that the mere fact that the indicated upper 

critical temperature has been passed, does not always insure that the steel is 

in a cond ition for full hardening. The difficulty is in the rate of solution of 

carbides. Some carbides are particularly sluggish in going into solution. 

Therefore, although in the case of plain-carbon steels the carbides are usuolly 

all in solution very shortly alter the upper critical point is exceeded , never

theless alloy steels should be examined to make sure of complete, or desired 

degree of, solution. Microscopic examination and mechanical tests are both 

useful in determining this point. 

USE OF THE IRON-CARBON 

DIAGRAM FOR ANNEALING 

Full annealing is the term applied to on annealing (softening) operation , 

in which the steel is heated to above the upper crihcal temperature and then 

cooled slowly. It is therefore apparent that in using the iron -carbon dragram 

as a guide for annealing , the same reasoning is employed as in the case of 

heating lor hardening as described above. 
Sub-critical annealing is the process of re·heating at a temperature just 

below the lower critical point. The iron-calbon diagram shows that the lower 

critical temperature does not change with variations in the carbon content, at 

least in the plain-carbon steels of Fig. 1. The addition of alloys does however 

change this point, and sub-critical annealing temperatures must therefore be 

varied accordingly. 
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RELATIONSHIP OF THE IRON-CARBON 

DIAGRAM TO THE STRUCTURES FOUND 

AFTER COOLING 

The iron-carbon d iagram thus indicates the structures present in steel when 

heated to the temperatures shown in the diagram. It may therefore be used 

as a guide in preparing pieces for subsequent cooling. It does not however 

show what is to be expectep with various rates of cooling from these high 

temperotures. The structures obtained oflef cool ing may only be deduced 

afte r a stud y 01 the transforma tion rates. That is to say, the iron-carbon dio

glom shows the temperatures at which steel moy be expected to become 

austenitic. The structures to be expected when th is austenite is cooled at 

rapid or intermediote or slow rates is to be deduced from the transformation 

rate curves (discussed in the following section). 
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S-CURVE OF AUSTENITE 
DECOMPOSITION 

THE PROCESS AND RESULT OF AUSTENITE 

TRANSFORMATION AT CONSTANT 

TEMPERATURE 
General Statement 

In the previous section, it was pointed out that the iron-carbon diagram 

indicates the temperatures at which a steel may be e)(pecled to become 

wholly Qusienitic, in which condition it is ready for hardening or for full an

nealing. There was however no detailed disc~'ssion of the effect of rote of 

cooling, The iron-corbon diagram tells nothing of rotes of transformation . 

In order to understond the effect of different rates of cooling, it is necessary 

to study the time required for decomposition of austenite, when it is caused 

to decompose ot different temperalures. Just as the temperatures of formotion 

of austenite ore important in healing, so the temperatures of decomposition 

of that austenite ore important in cooling. 

The reactions during cooling may be summarired in a diagram. A large 

copy of this diagram is inserted in the envelope accompanying this bool<, ond 

Fig. 8 herewith is a reproduction of it on a small scole. The phenomena 

summorired on this diagram ore of fundomental significance to the whole 

subject of heat-treatment of steels, whether plain-corbon or ordinary alloy 

steels; for the generol paltern of transformation behavior of all is substantially 

the some, except for differences in the time scale. The diagram il lustrates, 

for a typical carbon steel, how change of the actual transformation tempera

ture influences 

(a) the time interval required for the onset and completion of th e trans

formation of austenite at constant temperature, and 

(b) the structure and hardness of the product resulting from this type of 

heat-treatment. 

The ordinary alloying elemen ts retard the transformation process under 

comparable conditions; indeed this appears to be the main way by which 

they affect the mechanical properties of a steel, for in genelOl the presence of 

a dissolved alloying element resul ts in a lower actual transformation tem

perature during quenching, hence in a harder and stronger final product. 
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11 is to be emphasized that the behavior represented on the diagram is an 

inherent praperty of the heated piece of steel itself, as observed in specimens 

small enough to be brought immediately to temperature throughout. When 

the moss is large so that there is appreciable thermal log, its effect is token 

into account, and serves to explain the various structures encountered , as 
explained in connection with Fig. 9. 

A selected list of repolts and publ ications on this topic is appended. 

DESCRIPTION OF THE DIAGRAM FOR A 

TYPICAL STEEL 
(Eutectoid Steel 0.85% Corbon) 

For steel of eutectoid composition there is a characteristic equilibrium 

temperature (the so-called Ae l point in pure iron-carbon alloys) above which 

the steel will remain for on indefinite time in the austenitic condition , in which 

the carbon and alloying e lements are in solution in the high-tempera lure, 01 

"gamma," form of iron. The cOllespanding field on the diagram (see Fig. B) 

is 'abelled "austenite (stable}." When the steel has been heated so that it is 

austenitic , and is then cooled and held 01 a constant temperature below the 

Ael point, it remains austeni tic for a definite interval before beginning to 

transform; the Iransformation is not instantaneous, as has commonly been 

presumed elloneously , but requires for its completion a period which is char

acteristic of the temperature at which it is held during this period . On a 

temperature-time diagram th erefore, such as this is, there ore , at temperatures 

below the charocteristic Ae! point, three regions: (1) that in which the austenite 

has not yet begun to transform, which li es to the left of the left-hand curve, 

and is labelled "austenite (unstable}," (2) that in which the transformation 

proceeds , a t constant temperature, to completion-the region (shaded on the 

large chart) between the pair of S-shaped curves, (3) that in which transforma

tion is complete, with the structure and properties of the treated steel substa n

tially fixed , which li es to the right of the right-hand curve. 

The region on this diagram within which austenite can exist-that is, above 

and to the left of the left-hand curve-is shown by the idealized austeni te 

structure, as a means of emphasiz ing the fact that the steel within this region 

has a quite different structure from that encountered elsewhere in the diagram. 

The photomicrographs between the pair of curves show the structure of the 

transformed material when the austenite is one-half Iransformed at that 
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temperature; those to the right of the pair of curves show the structure, corre

sponding to that temperature, when the transformation is complete. The 

hardness number, both in Brinell and in Rockwe ll "(" units, of the finished 

product is given alongside the photomicrograph. 

Coordinates. The veltical coordinate is the temperature at which the 

constant temperature transformation is caused to take place; the horizontal 

coordinate is the time interval expressed on a logarithmic scale. This sco le 

is employed for convenience because the range of time at the several constont 

temperatures is so lorge; on a linear scole these long periods would necessitate 

either on unmanageably large diagram or a scale too compressed lor detail 

in the shorter intervals. For convenience, the chart shows time in seconds, as 

well as in minutes, hours, days, weeks and months. 

Rate of Transfo rmation-When the austenitic solid solution becomes un

stable, hence tends to transform and break down , the process may be repre

sented 

austenite (gamma)-- ferrite (alpha) + carbide. 

In this process there are two changes, in general more or less simultaneous: 

(a) the gamma lorm of iron changes to the low-temperature or "alpha" lorm, 

(b) the carbon is thrown out of solution , in the fOlm of carbide. These proc

esses are not instantaneous. The time involved depends upon the temper

ature at which the process is mode to toke place, and it is this dependence 

which is brought out by the pair of S-shoped curves. The left-ha nd curve 

represents the time required for the transformation to begin , when the steel 

is held at any constant temperature level within the range; the right-hand 

curve the total time to completion of the iransformotion, at that same constant 

temperature level. 

It will be noted tho! there are two temperature ranges of relatively rapid 

transformation , one in the vicinity of 1000-1 100° F. and another much lower, 

at about room tempelOture; it is also evident that there are two regions of 

relatively slow transformation , one at high temperatures just under the equil i

bri um temperature (Ael line) and another in the range 900-300° F. In other 

words , when properly manipulated , the sleel transforms very rapid ly or quite 

slowly depending upon the temperature at which the transformation is caused 

to take place. These temperature ranges of high and low transformation will 

be referred to again later. 
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Structure o f Tronsfarmation Prod ucts. In addi tion to the effect of tempera· 

ture on the rote of transformation , there is a marked effect of temperature on 

the structure, that is the mode of dispersion and distribution of the products of 

transformation (ferrite and carbide). At high transformation temperature, just 

under the AeL line, the product consists of ferrite and carbide arranged in the 

coarsely lamellar condition known as "pearlite"; as the transformation tem· 

perature is lowered, the pearlite becomes finer and finer until at temperatures 

in the vicinity of 100ct' F. it is practically unresolvoble even with the highest 

power lens. At still lower transformation temperatures the feflite-cOlbide 

product assumes a needle.like or acicular form as contrasted to the rasette· like 

or nodular form characteristic 01 temperatures above about 95ct' F. At the 

very lowest temperotures shown in the diagram the carbide is not precipitated 

a t all during transformation, but is retained in the unstable solid solution known 

as "martensite," the chief constituen t of quench·hordened steel. 

The photomicrographs (all at an original mognification 01 2500, reduced 

to 800X in printing) illustrate the typical microstructure of the product of 

austenite transformotion at various arbitrarily chosen constant temperature 

levels, namely 1325, 1300, 1225, 1150, 1015,1000, 925 , 850, 150,650, 
550, 450, 350, 250, 150 and 10° F. These temperatures were selected 

merely to g ive a uniform distribution of photomicrographs along the curve. 

The photomicrographs between the two $.shaped curves, i .e., withi n the zone 

of transformation , show the structure when the transformation is about 50% 
completed; the dark portions of these photomicrographs represent the prod· 

ucts of this transformation, while the white matrix or background corresponds 

to the untransformed austenite- out of which the products are forming. The 

photomicrographs to the right of the curves represent the structure of the fully· 

tra nsformed steel when the process of tronsfarmation has been completed ot 

each of the several temperature levels. No further changes occur in the steel 

with inCieased time at temperature except those associated with carbide 

diffusion a nd coalescence in the ferrite; these changes proceed relatively 

slowly and result only in the very grad ual softening of the material as in 

subcritical spheroid izing treatments. 

Hardness of Transformation Products. In addition to the photomiCiographs 

the hardness of the products of transformation at the vorious temperotures is 

·Act .... lLy lhe backorown~ il not oUII.nit., buI ...... 1.n.'I. , .. ult'no fro"" ...... , ...... nch ,,""r .... ,a hot! ,he 
reaclion 01 "ny d..I," .taO. 01 ilt 111_'. 
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shown on the chart in both Brinell (BHN) and Rockwell "C" (RC) units. It 

will be noted that at high honsformotion temperature the low hardness , char

acteristic of coarse pearlite in well-annealed steel, is obtained; as the 

temperature of transformation is lowered the hardness of the product, in 

general , grad ua lly increases until at the lowest transformation temperature 

shown (70° F.) full martensitic hardness (Re 66) is developed . 

Summary. The diagram shows the fallowing items for a corban steel of 

eutectoid composition (0.85% carbon): 

(0) Time required at constant temperature for the earliest detectable 

beginning of the transformation at all temperatures between 1325° 
F. and 70° F. 

(b) Time required for the comple tion of the constant temperature trons

formation at all temperatures between 1325° F. and 70° F. 

(c) M icrostructure of the products of transformation at rifteen tempera

ture levels when the reaction is about 50% completed. 

(d) M icrostructure of the products of complete honsformotion ot 5i)!teen 

temperature levels. 

(e) Hardness of the products of complete transformation at sideen 

temperature levels in both Brinell and Rockwell " C" units. 

RELATION OF CONSTANT TEMPERATURE 

TRANSFORMATION RATES TO COOLING 

RATES ENCOUNTERED IN ORDINARY 

PRACTICE 

In ordinary practice , steels are not caused to honsform uniformly by thus 

holding at a constant temperature. Rother, the transformation tokes place 

while the piece is cooling at same desired rate. But the transformotion rate 

curves indica te also what tokes place under the latter circumstances. For 

e)!omple, in Fig. 9 curve B shows a very slow rate of cooling, as in annea ling. 

When the bar of steel reaches the temperature Bl , the transforma tion to pearlite 

begins. As it proceeds, 0 certain amount of heat is liberated due to the 

transformation , as indicated by the flat part of the curve, so prolonging the 

time in this temperature range. As the temperature drops, the rate at which 

the pearlite forms becomes more rapid , and when the cooling curve reoches 

the point B!l the transformation to pearlite is complete. Incidentally , the 
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pearlite formed first , namely at point Br• will be somewhat coorser, and there

fore sohel , thon the lost peorlite to form , namely thot at point 82,. 

A somewhat more rapid rote of cooling . as in oir cooling or norma lizing, 

is ind icated in curve C. Here the development of pearli te is quite analogous 

to that in curve B, but the pearlite formed at Ct will be somewhat finer, and 

therefore horder, thon thai fint fOlmed in the other product, namely in B1. 

likewise , the peorlite fOlmed at ( 2 will be still finer , and therefore still horder, 

since it was formed at the lowest temperature discussed thus for. 

Supposing however thai a piece is cooled so rapidly , as in curve G , that it 

fails to lorm any peorlite 01 all . It will then be cooled without any transforma

tion taking place until it reaches the temperature G 3• at which point it will 

form martensite. This curve G represents then a steel being hardened fully to 

mortensite. With rotes of cooling intermediate between C and G, such as 

curves 0 and E, the final structures will be intermed iate between those previ

ously described . That is to soy , pieces cooled at these intermediate rates will 

form a certain proportion of pearlite, but since the time at the high temperature 

is not sufficient to allow the transformation to peorlite to be completed , the 

steel with its partially pearlaic structure cools to low temperatures where the 

remaining austenite transforms to martensite, as at paints 0 3 and E3• The 

resultant structure is therefore a mixture of pearlite and martensite. 

In any ordinary cooling schedule the conditions giving rise to the products 

of constant temperature transformation wi thin the range 950-300° F. wi ll not 

be encountered. In order to make these products the steel must be rapidly 

cooled to within this temperature range, and then he ld at the JeJireJ temper

ature long enough lor the tranJ/ormation to (omple te itse lf. Corban steel 

heat-treated in this manner possesses same /Other unusual combinations of 

ductility , strength and hardness; this method of heat-treatment has been dis

cussed in several reports and papers; some patent applications on it have been 

granted (Bain and Davenport, U.S. Potent No.1 ,924,099-1933: British 

Patent). 

Ellect 0/ Alloying Elements, With one or two possible ellceptions, the effect 

of any alloying element which can be put into solution in austenite is to retard 

the transformation rate; that is , alloying e lements make the austenite sluggish 

and mOle reluctant to transform , and the pair of rate curves is moved to the 

.A~" ... II ~ . lhe ,.",~ ... of ~_I .. ; .... 01 IHInJ ... _ I .... ~no.. r"- ~ .... d;" .... 1 _1<1 b. tl'ghtly 10_ 
rhein ,t.. "'_ ,; .... with 1M ~ .. n_I· _ _ ~ .. _ . 

.. 
.... 



CARNEGIE-ILLINOIS STEEL CORPORATION 

-' , ' 
=I-t-HtirlII ,., 

'" 

'" 

-H++++III .. 

--++++~--+++tt -+-t+HtIll'" 

• • 
TRANSfQRMATON TIME S£CONDS 

Fig . 10. C __ ",I ... TI_ In .... ol. roo 50' ~ TfOnJ ... mo.jon in SIMI. 'Con.olnlngDtIl ... n' A .. ""nt 01 Nichl 
Mongo ..... and Cht ..... i."' . 

.. 



S·CURVE O F AUS TE N IT E DECOMPOSITION 

right. Consequently , for 0 given cooling schedule relative to the appropriate 

Ae L point, on olloy steel actually transforms at a lower temperoture than a 

carbon steel, and therefore has the properties cOllesponding to that lower 
transformation temperature. Indeed we may soy that il a series allow-alloy 

steels of constant carbon content are all made to transform completely at the 
some relotive temperature, the resultant structures will all be very similar 
and the properties of the products will differ comparatively little. 

Elements retard differently the rate of transformation , just as onologously 

they affect differently the equi librium temperature (Ae L). The influence of 

various amounts of a few common olloying elements is illustrated in Fig. 10 , 

comprising , to obviote confusion , only the upper portion of the curve corre

sponding to 50% transformation in each case. The precise temperature posi

tion of the upper region of most rapid transformation (in the vicinity of1 0000 

F.) of alloy steels appears to follow that of the equilibrium temperature; for 

instance, compare in Fig. 10 the curve for the chromium steel with those for the 

nickel and manganese steels. 
It becomes dear at once, from a study of Fig. 10, why the olloy-bearing 

steels possess higher hordenability thon corban steels, that is, why they are 

deeper-hardening. The relative retardation of th e transformation rate, par

ticulorly in the vicinity of 10000 F. , permits a rate of coo ling of the alloy 

steels which , if used on carbon steels, would bring obout transformation to the 

softer pearli lic products; stated in another way , the alloy steels wi ll horden 

more deeply , i.e., they can at 0 given cooling rate be hardened throughout 

heavier sections than carbon steels, due to the increased sluggishness of the 

alloy-bearing materials. Thus the study of transformation rates at constant 

temperature has thrown consideroble light on at least one of the basic reasons 

for adding alloying elements to steel, particularly the low-alloy structural 

and automotive steels. 
Effect of Austenite Grain Size . Increasing the austenite groin size by heat

ing to higher and higher temperatures in the austenitic neld has the some gen

eral effect on transformation /Ote as increasing the alloy content of the steel ; 

that is, it causes the steel to be more sluggish and reluctant to transform and 

results in increased hardenability or depth of hardening on quenching. In 
other words, the transformation rate curves are moved toward the right of the 

diagram either by increasing alloy content or by increasing austenite grai n 

size, or, of course, both . Fig. 11, which presents a g/Oup of curves correspond-

6. 



, 

i 

CARNEGIE . ILLINOIS 5 TEE L CORPORATION 

j 

L 
, 

I'" 

I'" 
V 

I I(.'~. I'" 

~ 
~~ 

. 
i ~ I I'" 

i~ 

~~ I'" 

fl1lll-
I", 

I 
~ 

~ 

so"O lRANSFOI!MAHON lIME-SECONDS 

Fig. 11 . (0",.,...",1., TI"" 1., ... ,,1. for 50"'0 f,,,.,,,,,,,,,,,;,," I." Singl. SI .. I '"~ HOG'''' '0 F ..... Diff."., r.",_. 
,,' .... 1. ,~. A •• It.II. R"ng, 1',;", t" f,,,.,fo,,,,,,'io • . with (",,,.poMlog Dille,e.ce I. A.lle.i,. Glol. SI •• (G.S.J 

.. 

v 



S· CURVE OF AUSTENITE DECOMPOSITION 

ing to 50% transformation within the temperature region of practical interest, 

illustrates the effect of increasing gra in size on the transformation rate of 

low·al loy steel as heated to one of lour temperatures (1550°, 1650°, 1850°, 

200<f F.) in the "austenite (stable)" field before hansfer to the several con

stant temperature iransformation leyels; and it shows the groin size established 

at each of the four high temperotures at which the austenite was established 

prior to bringing to the constont temperoture for transformation. 

Th e inyestigotions , the results of which are summorited in the main diogram , 

are the work of members of the staff of the United States Steel Corporation 

Research Laboratory. 
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CRITICAL COOLING RATES OF 

THE BUREAU OF STANDARDS 

Some years ogo the Bureau of Standards undertook a detailed investigotion 

01 the rote of cooling of steels when Quenched in different media. A compre

hensive report of this work is given in the orticle by H. J. French (under 

whose direction the wOlk was done) in the Tronsactions of the American 

Society for Steel Treoting, May and June . 1930. 

The work comprised lorgely Q study of the lotes 01 which samples cooled 

when quenched, the cooling curves being recorded on a shing galvanometer. 

For the most port , the cooling role wos recorded for the surface 01 the piece 

and for the center of the piece. The pieces tested were spheres, rounds and 

plates, and the dimensions longed from 1/4 ~ to 111//. The tests included the 

quenching speeds in water, in a quenching oil , in sodium hydroxide solution 

and in still air. 

The great value of this work rests in its furnishing actual data on the rate 01 

cooling of a wide range of siles when immersed in cooling media having a 

wide range of quenching powers. This assumes special significance when con· 

sidered in connection with the discussion of the S·culve, as illustrated for 

example in Fig. lOaf that discussion. 11 was pointed out there that if the 

cooling of a piece is sulriciently rapid , so that it cools post the nose of the 

curve without forming pearlite at that temperature, then the piece will form 

martensite and will be hardened. The nose of the curve is usually in the range 

900 to 11000 F. (500 to 600" C.). 11 the inherent hordenobility character

istics are known for a particular steel, then the behovior of that steel in 

quenching may be judged from the lime.temperature cooling curves of various 

siles and in VOlious quenching media given in the data reported by French . 

Further, if the hardening behavior of a steel in a particular quenching medium 

is known, then its behavior in other quenching media or in other siles may 

agoin be judged by reference to the various time-temperature cooling curves. 

It is perhaps worth pointing out that the maximum cooling rote, as shown in 

the Bureau of Standards curves, is in general in the neighborhood of 7200 C. 
(13250 F.), and that this is not the decisive temperoture as regards the harden. 

ing of the steel. The decisive temperature, as already slaled , is al the nose 

of the curve, which varies with different steels bUI is usually in the range from 

•• 
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900 to 110if F. A cOllelatian between the S·curve and the coolin9 rates is 

therefore mode more readily if the coolin9 rotes are represented by the toto I 

time from enterin9 the "critical" ronge until the sample posses 9Q(f F. (5000 C). 

This should indicate whether the somple has formed any pearlite in quenching, 

and ony portion of the steel which has not formed pearlite in this temperoture 

range will ultimotely form mortensite when the lower temperoture is reached 

ot which mortensite forms. 

Such dota furnish some indications of the probable hardening of a bar of 

steel in quenching. 

lo.,.,i"" r60·lan·h ... r of IIMI "0'" On o ... n h_,h. In ,h. 
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HARDENABILITY 

It is generally stated that the reason lor the use 01 alloy steels in the can · 

struclion 01 automobiles, 101m implements, railroad equipment and the like, is 

thai they possess greater strength. While this is COllect, it is imporlont to 

observe that the greater sheng!h is due to the ability 01 alloy steels to be 

quench-hordened in greater thicknesses. That is to soy , in thin sections such 

as J/16-, corbon steel moy be quenched to fully as great a strength and hordness 

as ony alloy sleets in the some site. But in lorger sections, such as 1· diameter . 

cOlbon steels connol be hOldened below a depth of perhaps l/lf/, so that the 

cOle remains unhordened and therefore not very shang . On the other hond , 

many alloy steels con be hardened in 1. inch sections, and some of them very 

much more. It is thus not ony higher degree of hordness but rather the greater 

depth of hordening which occounts for the greater strength of pieces of sub

stantial size mode of alloy steel. 

It therefore becomes importont, in selecting alloy steels for construction 

purposes , to consider the depth to which they will harden in quenching. This 

extent of hardening is often spoken of as the hordenability. 

METHODS OF MEASURING 
HARDENABILITY 

Since the hardenobility of a piece of steel is so important a property, it is 

dearly desirable to establish a means of measuring it-to ascertain a value 

which would designate the degree of hardenability. 

This need has been widely recognized , with the result that a number 01 
methods have been employed:-

(1) Fundamental hardenability (transformation rates at constant tern· 

perature) 

(2) Hardness gradient (hardness distribution curves) 

(3) Fracture and etch test (Shepherd standard) 

(4) Microstructure 

(5) At point in a cooling curve 

Since the methads all refer to hardenability , the results will of course be 

related to one another, and this inter-relationship may be shown with proper 

examples. The following discussion points in this direction. 
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1. FUN DAM E NT A L H A R DEN A B I LIT Y 

The study of hansformotion rates gives the most complete information regard

ing the hardenability of a steel. It is discussed in detail in a previous section 

(which see) and is therefore not described further here. Its limitation is the 

time required to accumulate the data. Complete cOffelations are not yet avail

able to show the depth to which a given size section will harden in a particular 

quenching medium, when the fundamental hardenability of the steel is known. 

2. HARDNESS GRADIENT 

Many investigators of the hardening of stee l have illustrated hardenability 

by showing the hardening across a quenched cross section . This is on extremely 

useful method of showing hardening , and wdl be discussed here in some 

detoil. Further, if instead of the customary Single size, a series of sizes of the 

same steel is employed , the result, as shown in Fig. 12, give;a rather complete 

ideo 01 the hardening behavior of the steel. The example given in Fig. 12 is a 

1045 steel, and shows the hardnesses obtained when vanous sizes from 1// 
round to 5· round are quenched in water. It is obvious that the surfaces of the 

Ih w round and , . round hardened fully (to martensite), and it is also apparent 

that the centers of the 4· round and 5· round foiled to harden ot all (they 

formed pearlite). 

It is evident that such a series of hardness curves, token on ony steel, carbon 

or alloy, would lesult in a cleor picture of the hardening behavior of that steel. 

Further, if thiS method is extended to include oil quenching , then the behoviors 

both in water quenching and in oil quenching will be manifest. A large chart 

will be found in the envelope accompanying this book, showing the harden

ing behaviors of S.A.E. 1045, 6140,4140,3240 and 3340, quenched both 

in water and in oil , in sizes up to 5 w round. These charts bring out quite clearly 

a wide lange of hardening behavior, from the relatively low hordenabilily 

of S.A. E. , 045 to the very high hardenabilily of S.A.E. 3340. These curves 

are also reproduced individually in the succeeding pages of this section. 

A Sensitive Criterion of Hardenability. The obave mentioned chart gives 

o good genero l ideo 01 the hardening of such steels. There are also further 

details of hardening which appear upon closer examination. Fig. 22 shows 

o sim ilar series of hordness curves obtained upon oil-quenching a carbon

molybdenum steel, bullhe successive sizes are here graduated closely (rather 

" 
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thon over a wide longe os in Fig. 12). Further, the range of sizes includes 

only sections which horden fully at the surface of the piece but fai l to horden 

entirely at the center. Attention is now coiled to the following circumstance. 
In the range of sizes from Vs w diameter to 15/16• diameter, the change in 

hordness at the center (as Ihe sile is increased) is only slight, nomely from 

63 down to 61 . In the lange f,om IJ/ ,I>. diameter to t'I. · diameter, the 

change in center hardness is relatively very great, nomely from 6 1 down to 45 . 

In the longe from 1'/." diameter to 1 liz· diameter, the change in center 

hardness is ogain relatively slight for such a large increose in size, namely 

from 45 down to about 38 . Hordness is a function of the proportion of mar

tensite in the structure . That is to say , if this steel has hardened fully , so that 

its shucture is entirely martensite , it has a Rockwell-C hardness of about 6 3. 

If however it has not hardened fully, that is if the structu re is partially pearlite, 

then the hard ness is less than 63. In these steels, the relationship is shown in 

Fig. 23. This diagram was derived by e)(amining a large number of samples 

and points within the samples, taking the hardness readings at the respective 

points ond estimating under the microscope the proportion of martensite at 

these points. It is opparentthai the hardness varies regularly with the propor

tion of martensite. Therefore if there is a ropid change in hardness in a narrow 

range of sites we know that there is a cOllesponding IOpid change in the 

proportion of peorlite. In Fig. 24 are plotted the center hardnesses (from 

Fig . 22) against the diameters o f the respective bars. At some other location 

between surface and center the hardness change would have been most rapid 

at other diameters, i.e. in rounds of some other range of sites. 

In Fig. 26 are shown the hardness curves of two steels, over a closely 

graduated series of sites a s in Fig. 22. At '// round, the difference between 

the two hardness curves is not very great. At 15/'6· diometer, and at ' - diam

eter, the difference is still not very great. H owever, at 1
1/16- diameter, it will 

be observed that the difference between the two steels is very pronounced. 

The shollower hordening steel has now fo rmed more than 50% pearlite at the 

center, whereas the deeper hordening steel has no t yet reached nearly that 

omount. The some relationship is still evident at l '/a- d iameter. H owever, 

at ,%- diameter, the difference is appreciably less, and at l llz-, diameter 

the apparent difference is no longer very great. It thus becomes clear that 

in order to d istinguish slight differences in hardenability , it is desirable to 

use a section of suitable site. 
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1. F RAe T U RET EST 

One widely practiced method of determining hardenabilily consists in 

fracturing a hardened piece and observing the "depth of hardening" in rela. 

tion to the unhardened core. A carefu lly prepared program based on this 

syste m has been used by Shepherd (*), particularly for judging the harden. 

ability of carbon tool steels. 

That quenched stee ls show a "depth 01 hardening" is due to the following 

ci rcumstonces. When a bar of steel is hardened in such a manner that the 

outside of the bar is wholly or predomi nantly martensite, whereas the center 

of the bar is predominantly peorlite, then the frocture of the piece when broken 

reveals this condition. The ou tside of the piece, where the structure is largely 

martensi te, breaks with a brittle frocture a round the martensite groins (the 

foce ts of the martensite groins indeed show the grai n site because of thi s 

brittle breaking around the indivi dual groi ns). The inside of the bar, the 

unhordened portion , breaks in 0 more or less ductil e manner, so that its appear

ance contrasts strongly with the brittle breok at the outside of the bar. The 

transi tion from the hardened rim to the unhardened core is fairly sharp, thus 

mQ~ing it possible to read the "depth of hardening ," The reaSon for this sharp 

transition may be deduced from our previous discussion. It has been pointed 

out that the change in hardening in the neighborhood of 50% pea rlite is very 

obrupt,-in othel wOlds, the change from predom inantly martensitic to pre· 

dominantly pearlitic structure is very marked. It is this sudden change from 

predominantly martensitic to predominantly pear/Wc structure which deter. 

mines the so·colled "depth of hardening" in 0 Fracture test, because of the 

change from brittle breaking to ductile breaki ng. This is illustrated in Fi g. 

21, which shows the fractures of two pieces of steel, and beneath eoch fracture 

photograph is shown the hardness curve taken at the fracture posi tion. It will 

be seen thot the "depth of hOldening" corresponds to that depth below the 

surface where the steel is sti ll predominantly martensite. The inside or un · 

hardened core is relatively solt and is predominantly pearl ite. 

It is important to note that the hOldened 'im is not by any means wholly 

martensite. It ranges from a wholly mortensi !ic structure on the outside to one 

containing perhaps 30 to 40% pearlite at the inside of the hardened rim . 

"no.. P_F O'O' ... ' .. i.I;. .J StMI, .. ,8. f. Sho"" .. d . r. ...... .J A .... Ic .... Society , ... ~ .. I •• pro. 979.1001 . Ooc __ r9H. 
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Obviously Ihen , a quenched piece may conloin 30 to 40% pearlite at the 

center and still in a fracture will disclose no unhardened core. A fractured 

piece the refore , in which the fracture indicates that the piece "hardened 

throughout," discloses only that the piece contained more than 50% mar

tensite. A hardness test or microscopic investigation would be needed to find 

out whether the piece hardened fully 10 martensite or was portly pearlite. Thus 

Fig. 28 shows a fracture which is "hardened throughout," yet the accompanying 

hardness diagram shows that the piece is not by any means fully hardened. 

On this basis then we may discuss the sensitiveness of the fracture test in 

determining hardenability , on the same basis as we discussed the sensitiveness 

of the hardness curves. In discussing Fig. 22 , it was pointed out that the hard

ness curves were very sensitive to certain changes in section , but that this 

specially high sensitiveness occurred only at the sizes where the structures near 

the center of the quenched bar were in the neighborhood of 50% pearlite. 

In the same way, and for the some reasons, the "depth 01 hmdening" will 

vary rapidly as the section is changed in the neighborhood of the some critical 

size. likewise it will be less sensitive with change of section in larger sizes. 

Furthermore, if hardenability is measured by the "depth of hardening ," 

then differences in hardenability between two heats will be very apparent 

in the neighborhood of the critical sizes , where the unhardened core is small, 

but will not be so clear in the fracture test in larger sizes , where the unhardened 

core is large. 

These phenomena explain another behavior which has been encountered 

frequently in fracture tests of deeper hardening steels. The deeper hardening 

steels must of course be quenched in rather larger sections to show an unhard

ened core. In such large sections the hardness penetration curve is not so sleep 

as in shallow-hardening steels, pa rticula rly when the unhardened core is 

small. That is to say , the gradation from predominantly mortensi!}c to pre

dominantly pearli!ic structure is more gradual. As a result, the boundary of the 

unhardened core is difficult to judge,-it is difficult to read the depth of 

hardening. The depth of hardening will be rather easier to read if the size 

af section is increased slightly, as this will result in a somewhat steeper hard

ness glOdient (0 sharper transition from predominantly martensitic to predom

inantly peorlitic). 
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4. MICROSTRUCTURE 

Another common lest fOI judging the hardening of a piece of steel is to 

examine its miCloslfuciule. As discussed previously. the hardness of pieces 

which ore a lmost fully hardened is influenced in 0 regular manner by the 

proportion of pearlite p resent. The relationship is illus!foted in Fig . 23. The 

previous discussion of the hardness gradient is valid whether the hordening 

be judged by the Rockwell hordness 01 by the proportion of peorlite which 

is present , see Figs. 24 and 25. 

5. A. POI N TIN A COO LIN G CUR V E 

The hordenobility of steel has on occasion been judged by observing the 

temperature 01 the A,] point when a sample of the steel is cooled in air. It 
will be evident from the discussion under the "S_curve" (which see) that this 

is a perfectl y valid method of judging hOldenability provided the steels ole 

of the some general composition, and plovided fUlther that the samples are of 

such sire and the steel of such hOldenobility that the sample tlansfolms 

completely to peOllile in the test. 

This may be illustlated by lefelring to Fig. 11, which shows a single steel, 

which is caused to ha~e different haldenobilities by introducing differences in 

austenite groin size. The samples having higher hardenability are toward the 

right of Fig. 11 , and it is evident that any particu lar cooling curve would meet 

the hordenobil ity curve at a lower temperature in the curves at the right than 

in the curves toward the left. Tests have shown that differences in harden

ability may be judged quite accurotely by this method, the hordenability 

being gleoter as the Al l point is lower. 

The necessity for restricting suc h compalisons to a single grade of steel arises 

from the fact that different alloys may couse the S-culve to shift veltically 

(that is, in temperature) as well as horirontally (thai is, in time). The Atl 

method would obviously lead to confusion if used tocompore different grades 

of steel having different hue critica l temperatures, whose temperatures of 

hansfarmalion might therefore be different without differences in hordenability. 
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GRAIN SIZE IN STEEL 

The study of grain size in hardened steels has extended over many years, 

beginning with tool steels and extending in recent years to almost all other 

grades. 
The tool steels were the first hardened steels where quality wos studied 

carefully . and it is not surprising to find that it was in this fie ld that studies of 

grain size began. The obseNotion must have been made very long ago thot 

coorse-grained fractures in tool steels were more brittle thon fine-grained ones . 

In the early days, it is true, it was not recognized thot groin size itself was a 

determining foclor. When a piece of tool steel hod been hardened properly 

so thot it gave good performance in service, the early metal workers found 

thot the tool, if broken , gave a fracture appearance which they described as 

"tough" (it would today be called "fine-grained," or perhaps "si lky"). When 

it had been overhea ted so as to be brittle , the fracture appearance was 

generally called "dry" (today called "coarse"). It must have been observa· 

tions such as these which led to avoidance of overheating in heat treatment. 

Such observations must be at least half a century old, and perhaps many 

centuries. 
The knowledge is, however, not so old that the fracture grain size of the 

hardened piece is subject to control because it reflects quite accurately the 

prior austenite grain size (the size of the austenite grains which composed the 

piece at the moment of quenching). Th is relationsh ip first became known in 

the case of high speed steels, probably because it was easy to observe the 

prior austenite grain size in these steels in the microscope after the quenching 

operation (in the hardened slale). Thai the prior austenite grain size governs 

the fracture grain size of other hardened steels has been proven only recently . 

In 1922 I attention was called to the importance of grai n size in connection 

with an entire ly different property of steel-not toughness but hardenobility. 

McOuaid and Ehn showed that when pieces of low-carbon steel were carbur

ized and quenched , their hardening behavior upon quenching conelated well 

with certai n cholOcteristlCS seen in the microscope. M ore specifically , if two 

pi eces of the same steel were co/burl zed, and one of these pieces was cooled 

slowly from the carbu rizing and then observed in th e microscope, while the 

\ H . W. McQuoid OMI E. W. Ehn, T,ono., AmOficon In.,iMe Mining ond Me."lIu,giool Enginee-r', Vol. 67. 
1922, p. ]41·]91 . 
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companion co,burized piece was quenched, the following conelation was 

observed. If the microstructure of the slowly-cooled piece showed coot1e 
(and "normol") groins, then the quenched piece was likely to be hord, free 

of soft spots. If on the other hand the slowly-cooled piece showed a fine

grained (and "abnormal") structure, then the quenched piece W05 likely to 

show some unhordened oreos. Since then (2) it has been shown that the groin 

size is the importont factor in the ha,denobility . and further thot the groin size 

itself influences the abnormality; that is, steels of the some composition tend 

to be more abnormal the finer the groin size. Through the above correlation 

of coorse groin size and hardenability , it has come about that coorse-groined 

steels are employed where the hardenobility which they supply is needed. 

The McOuoid-Ehn cOlbutizing test achieved prominence quickly , and in a 

few yeots stondord groin size charts were develaped. These charts were 

subsequently mode the subject of a standord issued by the American Society 

for Testing Materials, listing a series of groin sizes from No. 1 , coarse , to 

No . 8, fine. The range of sizes in the A. S. T. M . chart has found wide 

applicdtion , since it covers in a convenient manner practically all the grain 

sizes commonly encountered in practice. This some range of sizes is therefore 

employed in the Groin Size Chart which will be found in the envelope accom

panying this baok and which is described later on in this article. (The new 

Chart shows groin outlines only, since the sizes may be used not only 

for carburized structures but for other methods of determining grain size os 
well.) 

Presently this some carburizing test came to be applied to steels that were 

not to be carburized, but were to be hardened directly by quenching. It was 

also found that other properties (in oddition to hordenability) showed some 

correlotion with the McOuoid-Ehn groin size. During the post few years 

however, it has come to be recognized that the determinotion of austenitic 

grain size is not by any means restricted to the cOlburizing procedure, and that 

it is often odvantageous to use other methods. These will be discussed here, 

after the following discussion of some of the fundamentals of groin cOOisening. 

1. THE C 0 A R 5 E N I N GTE M PER A T U R E 

To arrive at on understanding of a groin size test, one may follow the 

• E. C. 1I.00n. " fodon AII'Kli", ,"'" I" ....... ' H ... oM..abltil.,." Se .... " T JOn •.• A_k oft Soc!.!., I ... Se .. 1 T,_;"g. 
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changes in a piece of steel while it is being heated. The steel chosen here is 

a plain-carbon steel of the following composition: 

C. Mo. P. S. Si . 
.15 .44 . 015 .019 .22 

Before heating, it has the structure shown at 100 diameters in Fig. 29. As its 

temperature rises, its structure remains the same until it reaches its lower critical 

or Ac t temperature, at which moment it begins to transform to austenite. Th e 

transformation process continues through the critical temperature range, to 

the A C3 or upper critical temperature. Fig . 30 shows the groin site just beyond 

the Ac; point when the steel has entirely transformed to austenite. It is seen 

that the austenite groins have an appreciable and measurable size , in this 

case about No.6 on the A . S. T. M . grain site chart. 

The sample 01 Fig. 30 was quenched from the heoting temperature, so that 
what were austenite regions at high temperature are now martensite. A small 
amount 01 feflite is precipitated in the original austenite groin boundariel, thus 
outtining the o.iginol austenite groinl. Ample proof is available that the 
austenite groin li ze i$ 01 indicated. 

It il also possible to u~ the carbv.iling method, 0$ in the McOuoid·Ehn 
tell , whe.e sufficient co,bon it introduced (uluolly oboul 1.20% at the IUlfoce) 
10 that when the ~teel is cooled slowly the austenite groinl will be outl ined by 
the co,bide which p'ecipitote~ in the gloin boundaries in cooling. In the re
main ing tell$ of thi ~ po.ticulo. $e.iel, the groin ~ize istelted by the cOlburiling 
method. 

There are many steels in which the corburiled g,oin si le differs fla m that of the 
unco,bUliled moteriot. The ca,bu,iIed COle il often fine. than tho uncorbu,
ized (o'e, and in lomo in~ton(el it ;1 (oa'ier than the co,e. 

The AC3 temperature, at which the steel has just transformed to austenite, is 

in the present steel about 1515° F. If the steel is now heated further, it is 

found thai coarsening does not begin immediately. Th ere is a small tempera

ture range in which the grain siIe remains substantially constant. 

The steel remains at No. 6 groin site from the moment it transformed to 

austenite at 1515°, through its heating to 16()(f and slightly higher. But if 

the steel is now corburited at a higher temperolure , namely 1615° F., we find 

that it begins to coarsen in certain isolated regions, with the appearance shown 

in Fig. 31. A certain amount of the olea has coarsened , although the majority 

of the glains are sti ll 01 their aliginol groin site of No.6, giving the "duplex" 

appearonce shown. At a still higher temperature, in this case 110Cf', the 

groins have coarsened almost entirely, and we find in Fig. 32 a groin size 

consisting of about 85% No. 1 (or No. 0 , extending the grain size numbers) 
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and about 15% No.6. At still higher cOiburiti ng temperotures the last of 

the No.6 gra ins will disappear and the steel will be coa rsened entirely. The 

"coarsening temperature" may in thi s cose be considered to be arou nd 

16500
, a nd is the temperature at which coarsening jus t began. The groin site 

prior to coarsening-that is, the site of the austenite grains formed when the 

steel first transformed to austenite-may for convenience be ca lled the 
"ini tial austenite groi n sile." 

II we now considel the results of the cOiburi!i ng at 11000
, and rea lile that 

th is constitutes the McOuaid- Ehn test , we obtain a clear picture of what the 

M cOuoid-Ehn test disclosed about this steel; namely that the initi al austeni te 

groins coarsened, and that th e coarseni ng temperature was comparatively low, 

so that when the steel hod been heated for 8 hours at 1700° F., the groi ns hod 

coarsened almost completely. 

That the initial austenite gro ins, as just shown, cou ld remain stable ovel the 

smal l temperature range 1515° to 1650° is perhaps readily conceivable, but 

there are many steels in which the initial austenite groins remain a t constan t 

site to very much higher tempefatures. Thus, there are many steels which, 

after they have attained their "i nitia l austenite groin site" at say 1515° F., 

rema in at th is some groin size up to temperotures of 1800° F. and sometimes 

even 1900° F. and higher. Such steels will of course, when subj ected to a 

M cOuaid-Ehn test at 1100° F., exh ibit their relatively fine initial austenite 

groin site. However, the 1100° test obviously affords no information os to 

the tempera ture at which coorsen ing will ul timately set in. 

Thus we may summorize whot is disclosed obout grai n size in a M cOuaid

Ehn test. The McQuoiJ-fJm corburizing test shows whether the temperature 

of 17000 F. is erbove or below the coorsening temperature of the grains in 

the corburizeJ case. 

It ~hould be mentioned ther t the ~udden or "e~oggeroted" coarsening de
~cribed here i~ cho'erctefi~lic of the relatively low-corban steels(say under 0.50% 
corban) ond is also found often in the higher carbon steels. However, wme 
steels oppeor to coar~en more groduolly. Also, in conducting coarsening 
lesb, a shorl heating time ~uch as 30 minutes moy be insulfocient 101 the develop
ment of e~aggeraled coolsening which might to~e place, with prolonged 
heating, ot that temperature il the ~tee t is just entering the coarsening range. 
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2. LOW E R I N G THE CO A R SEN I N GTE M PER A
TURE BY NORMALIZING 

A study of the coarsening temperature assumes further importance when it 

IS found thot this coarsening temperature may be changed by heat treatment, 

and also by hot-working or by cold-working. 

It is hue that the effects of the melting process in establishing a coarsening 

temperature are much more for-reaching than any subsequent changes of it 

induced by treatment. Thus it is well known that the addition of aluminum 

to molten steel affects austenite "groin sizes." Depending upon the amount 

added, and the condition of the molten steel, the coarsening temperature 

may be raised from below 1600° F. to well above 1750" F. by the judicious 

use of a luminum. At the some time, once the generol behavior has been set 

by the melting process , then the subsequent treatment of the solid steel may 

change Ihe coarsening temperature by as much os 1 ocr or even up 10 2000 F. 

A striking example of such behavior is shown in Figs. 33 and 34. A carburiz . 

ing grade of steel was subjected to a McOuaid· Ehn test, and its groin size was 

as shown in Fig . 33. A piece of the some steel was normalized and was then 

subjected to a McOua id- Ehn test (after the normalizing). hs sllucture after 

this second lIeatment is shown in Fig. 34. It is clear that the specimen of Fig. 33 

retai ned its initial austenite groi n site when carburized at 1700° F. for 8 

houn, but when normalized the initial austenite groin site coarsened when 

subjected to a similar treatment. In other words, in the case of Fig. 33, the 

specimen at 17000 had not yet reached its coarsening temperature, whereas 

the specimen in Fig. 34 hod exceeded its coarsening temperature so that the 

grains become coarse. In still other words, the normalizing had lowered the 

coarsening temperature from somewhere above 17000 to somewhere below 

1700". 

It will of cour~ be .eoliled thot 0 17000 (McQuoid·Ehn) te~tdoes not olwoys 
roveol whether the coor~ning temperoture hos been lowered, 05 it did in Figs. 
33 ond 34. If the coorsening temperoture hod been lowmed 101 exomple f,om 
1800° to 1725°, then 0 test ot 1700° would obviously not hove disclosed it. 
Neither would 0 1700· test hove disclosed 0 lowering of the coolsening temper
ature from 1650° to 1600°. 

It is common to find that a normalizing will lower the coarsening temper

oture by 750 to 100° F. The amount of lowering vories with different steels. 
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J . DIFFERENT NORMALIZING TEMPERA
TURES AFFECT THE COARSENING 
TEMPERATURE DIFFERENTLY 

It is found that different norma lizing temperatures affect the coarsening 

temperature differently , but that the normalizing temperature must be changed 

markedly to cause appreciable differences. Data are scarcely avoilable to 

give very precise figures for all steels and over a wide range of temperatures, 

but the following general statement may be mode. 

In fine-grained steels, that is to soy in steels in which the coarsening temper

ature is high, normalizing will usually lower the coarsening temperature 75° or 

100°. This refen to normalizing at customary normalizing temperatures, soy in 

the range 16000 to 17O<f. As the normalizing temperoture is raised, the sub

sequent coarsening temperature will not be lowered so much. After a normal

izing from perhaps 1800°, the coarsening temperature may only be lowered 

500. If the normalizing temperature is around 1900° to 2000°, the subsequent 

coarsening temperature is not likely to be lowered much , if at all. Indeed , 

steels vary in their response to normolizing in this palticulor lange of temper

atures, sothat some will have their coarsening temperatures lowered while others 

will have theirs raised . With extremely high normalizing temperatures , such 

as 2100 to 2300° F., the coarsening temperature is opt to be raised slightly. 

4. LOWERING THE COARSENING TEMPERA
TURE BY HEAT TREATMENTS OTHER THAN 
THE NORMALIZING 

Since heating 10 1600° F. and cooling in air will lower the coarsening 

temperature, a question arises as to the effect of other lates of cooling. It has 

been found thai all of the common tales of cooling couse the coarsening 

temperature to be lowered, Ihough not precisely in the some monner nor to 

the some degree. Slow cooling, namely heating to 1600° and cooling in the 

furnace , lawen the coarsening temperoture a little, but not nearly so much 

as when the piece is cooled in air. When Ihe piece is cooled in air there may 

be variations even here, if the size of the piece is varied. That is to soy, if 

the piece is large and therefore cools slowly in air, the coarsening temperature 

will indeed be lowered, but if the piece is quite small, so that it cools more 

rapidly , then the coallening temperature is lowered even more. 
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With still more rapid cooling, as when being quenched in oil, the coorsen

ing temperature is likewise lowered , but there may be anomolies here, since 

coses have been observed where a cooling in oil caused a lesser lowering of 

the coarsening temperature than when the piece was cooled in air. 

If the piece is cooled still more rapidly , as by being quenched in water, the 

coarsening temperature is likewise lowered. Here however there may be still 

further anoma lies. In some cases rt is found that the coorsening temperature 

is lowered in a manner quite analogous to the effect of normalizing . In other 

cases, and these have been observed not infrequently, on additional effect 

is observed. Not only is the coorsening temperature lowered, but the manner 

01 coarsening may change from the mechanism of sudden coarsening to the 

other mechanism of rather uniform coorsening . 

The effects of various rates of cooling, just described, apply when the 

temperature of healing was in the neighborhood of 1600° F. When the heat. 

ing temperature is higher, in the range 1700 to 2300", it will be understood 

thot the effects will be different, in accordonce with the previous description 

of effect of heating temperature before normalizing . 

s. EST I MAT ION 0 F G R A INS I Z E B Y A 

VARIETV OF METHODS 

(1) Microscopic examination. Austenite groin size is revealed under the 

microscope if a constituent precipitates in the groin boundaries of the oustenite . 

Th is principle governs most of the methods for microscopic examination of 

austenite groin size. Thus high-carbon steels, for example over 1.10% cor

ban, when cooled from the austenitic state, precipitate carbide in the groin 

boundaries. This principle was the one applied by McQuaid and Ehn , when 

in 1922 they introduced the carbul izing test, since the carbon content of their 

steels was raised sufficiently so that carbide precipitated in the austenite groin 

boundaries upon slow cooling . In lower corbon steels, the austenite groins 

may be outlined by ferrite . Thus steels in the lange .45 to .65% carbon will , 

when cooled slowly from the austenite ronge, hove ferrite precipitated in the 

former a ustenite gro in boundaries and will thus show the size of the austenite 

groins. In 1933' the precipitation of ferrite was applied to sti ll lower corbon 

· M. A . Gro .... '''.~n . "On Gr"in·S; •• "nd Gr"in·Gr"""h." Tr"n,. A_",,~ Sod.r. f", SoHI Tr",'i~g. V,,1. 
XICI. N". It. 1911.11 r079. 
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steels, by employing interrupted cooling. In 1934, Davenport and Bain4 

described on additional method, based on the fact that when steels are not 

quite hardened, the first precipitation of fine pearlite will be found in the 

martensite (prior austenite) groin boundaries. Still mOle recently, Vilella and 

Boin~ have described an etching reagent for revealing the groin size of steels 

fully hardened to martensite, as illustrated in Figs. 35 and 36. 

It thus becomes apparent that a variety of techniques may be employed for 

ascertaining austenite groin size microscopically. Whether it be a carburizing 

procedure, a simple heati ng and cooling, or a quenching, the structure will 

show the size of the austenite grains which existed at the high temperature 

and after the tim e employed . The chart at the bock of this book shows a 

series of groin sizes which may serve as a standard for any of the microscopic 

methods of studying austenite groin size. For facility in comparison, the chart 

shows both light grains with dark borders and dark groins with light borders. 

The sizes are numbered to correspond with the standard groin sizes of the 

American Society for Testing Materials. The large chart is also reproduced 

in sections on individual pages herewith. 

(2) Fracture Method. Mention has already been made of the ea rly exam

ination of tool steels for their fracture appearance. The fractures were rated on 

the basis of on appearance which depended on groin size (although the rela

tion to prior austenite grain size was not at first appreciated). Fracture grain 

sizes have more recently been carefu lly standardized and sets of reference 

standards prepared, to offord ready comparison with fractured bars. B. F. 

Shepherd has prepared and issued such sets of standards. The fracture groin sizes 

have been described in a number of articles by ShepherdG and have been used 

regularly by him and others in determining the fracture characteristics of steels. 

The relation between austenite groin size and fracture grain size was recog

nized in high speed steel many years ago. It is only quite recently however 

that this relationsh ip was recognized and demonstrated by Vilella and 

Bai n ~ for plai n-carbon and low-alloy steels. Their work shows that over the 

range of groin sizes determined by fracture, the Shepherd standards coincide 

substantially with the groin sizes judged microscopically ond rated by the 

A. S. T. M . chart. 

'E. S. Oa.u_1 and E. e. Ba'n, "Gu .. el R.la'ian, 8el_n Grein·Sileand Ha,d .... ability end ,~. N",malily 
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HEATING PRACTICE 
AND HEATING FURNACES 

FOR HARDENING OR ANNEALING 

An improved order of mechanical properties in steels over that present in 

the rolled or forged condition may readily be attained by heat treatment. 

This process comprises heating at a suitable temperature for a proper length 

01 time, followed by cooling 0 1, a determined rate and, in most cases, reheat

ing ot modelOtely low temperature for tempering. A most significant l eature 

of good quolity steel is recognized by the consistently uniform results which 

may be obtained if the heating and cooli ng conditions Ole properly con

Irolled. Because of the norrow range of acceptable physico I properties now 

expected in heat treated products, the equipment used and practices employed 

require careful attention and precision of handling. 

H E ATING FOR HARDENING 

Since it is important that each piece of steel, in a graup of pieces, be heat 

treated uniformly, furnaces must be employed which are capable of can

tro lled heoting. Such furnaces may be fired by gas, oil ar electricity, the 

choice depending upon relative casts and the suitability of each for the type 

af work. Obviously each has certain odvantages and disadvantages but under 

proper conditions any of them may be enti rely satisfactory. The requisi tes of 

a goad furnace for heat treating are uniform temperature distribution, clase 

temperature control, and adequate provision for control of the furnace at

mosphere. All of these are essential for successful heat treating. The first 

two have been studied for a number of years, and the lost-named is now re

ceiving much attention in o rder to prevent e xcessive scaling o r decorburizotion. 

Consideration must be given to the location of the furnace load in order to 

perm it a uniform rate of heating of the load. This is readily accomplished in 

continuous furnaces, in which the work is carried on conveyors or other means, 

by a close control of the temperatures in the successive heating zones. In 

botch furnaces, however, the work should be arranged in such a manner as to 

permit free transfer of heot to all pieces of the charge; in case radiont furnaces 

are used the work should be so placed that a maximum amount of the surface 

is ex posed to the radiating furnace surfaces. This may usually be accomplished 
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by providing some means of elevating the material above the hearth, even 

in large fUrl'1aces . Where this is not feasible , overheating of the outside of 

the moss before the interior reaches the desired temperatures must be pre

vented through control of heating rate. 

A con trolled rate of heating is always desirable sinc\! rapid heating, 

particularly in certain sections, may couse considerable distortion or even 

rupture. These rates of heating must , of course , depend upon the chalocter 

of the product and must be established an the basis of the shope, composition 

and site of the product. The rate of heating may be leodily controlled but 

it should be recognized that it is directly influenced by several factors. The 

rate of heat transfer follows certain definite physical laws. Thus for a 100 

degree difference in temperature between the furnace wall at 11000 F. and 

the furnace load, at 1600° F., the heat transfer would be at a higher rate than 

for the same temperature difference at lower temperatures. 

The relation of the transformation temperature (critical temperature) of the 

steel to the furnace temperature is likewise of importance. If the selected 

temperature is but slightly above the critical range , then the heat absorbed 

by the steel in going through the transformation must be considered. If the 

furnace is heated at a temperature considerably above the critical range, the 

influence of the bansformation effect is much less pronounced on th e rate of 

heating. So many other conditions, e.g. moss, chemical composition and 

structure, may influence the results that each heating condition must be can· 

sidered specifically and must be controlled in Older to avoid inferior results. 

The length of time which various steels should be held at the required 

temperature is of utmost importance. The usual rules are expressed in terms 

of to tal heating time and are dependent upon section site and the temper· 

ature at which the furnace load is to be heated. The most common of these 

is given as one hour per inch of thickness or diameter. Th is is obviously only 

approximate and can apply directly only to a limited ran ge of sizes and 

temperatures. In heating for quenching, the essential feature is the time at 

tempera ture during which carbide solution and diffusion progresses. The aim 

is to obtain uniform distribution 01 the corban throughout the structure (i.e., a 

homogeneous austenite), so that prior to cooling on essentially uniform con

dition exists. Thus holding time even at correct furnace temperature may vary 

from five minutes to an hour 01 more as influenced by the composi tion and 

section of the material. 
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QUENCHING PRACTICE 

The manner and means of quenching are iust os important as heating for 

hardening. Th e selection of a proper quenching medium depends entirely 

upon the hordenobility of the steel and the shape of the port. In other wOlds, 

each steel has a criticol quenching rote which will harden the surface as well 

as port of the interior to a definite depth when 0 piece of a specific size is 

quenched. If the piece is larger or smaller, a lesser or greater depth of hard

ness penetration will be obtained after a given type of quench. A small 

piece may horden entirely thlOugh its section while a large piece may not 

harden at all. Both of these resul ts may be objectionable since the smaller 

piece may be 100 brittle and the larger may be unsuitable because of the 

lock of sufficient increase in hardness. Under these conditions, it is necessary 

to choose a quenching medium which will provide a slower rate of cooling 

for the smaller piece, while the larger piece will require means for more rapid 

cooling , unless different steels are selected. 

The means available for covering such a IOnge of cooling rates are some

what lim ited but the use of oil , water or aqueous solutions of brine or caustic 

serves well enough. The rates afforded by oil and water are rather widely 

separated; the brine or caustic solutions are generally more effective than 

water. Cold water is male effective than warm water, because the cold water 

largely condenses the steam jacket which tends to form around a steel piece 

in quenching. On the other hand , worm oil is often more effective than cold 

oil, because the worm oil is more fluid (lower viscosity) and th erefore flows 

around the piece more readily and so cools it more rapidly. 

Ports of simple shope and reasonable size may be quenched directly in 

the desired medium, using moderate agitation. On a production basis or 

with large ports, it is frequently necessary to provide sprays or pumps to flush 

the water or oil around the part. This may be provided by manifolds in the 

quenching tank with outlets so placed that a substantial flow is continually 

directed against the piece being quenched. 

Frequently it is necessary to que nch large pieces of steel of high horden

ability, e.g., alloy steels, in water since the oils do not provide a sufficiently 

rapid quench to harden the materials in these sections. In such cases the 

ports , if allowed to remain too long in the water or brine, may acquire internal 

stresses so high that rupture follows. For such paris the expedient of a "time-
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quench" may be used, in which the steel part is held in the water ar brine for 

a definite period of time ond the quench then immediotely completed in oil. 

In many closses of work the period of time in the first quenching medium is 

extremely critical , if rupture is to be ovoided , and unless done mechanicolly, 

the operotor must time eoch quench in seconds. Often only a coreful control 

of quenching conditions permits the hardening of some sections of certain 

compositions. Under ony condi tion steels which ore fully hordened should 

be removed from the quench while still worm and then promptly tempered. 

The volume of the quenching both is of porticulor importonce ond must be 

great enough to admit continued frequent quenching without on opprecioble 

rise in the both temperature. In oddition , the felotion of site of the quenching 

tonk to the piece should be such that the steel port may be moved freely 

during cooling , to assure uniform extroction of heat . Constant both tempera

ture is occomplished by the use of 0 sufficiently large volume of coolant and 

a circu loting system for the quenching medium which frequently includes a 

refrigerating unit and automotic temperolure control. High velocity of fJow 

of the quenching medium exerts a pronounced influence in promoting more 

rapid quenching. When we consider thot the "critical quenching rates" ore 

dependent on the rate of the tronsformotion of the austenite in the range of 

800 to 1000° F. , the importance of a thorough ly effective quench in the early 

cooling stages may be realited. 

The problem of distortion is frequent l y of paramount importance and wi thin 

certain limits is controlled by the manner of quenching and by the character

istics of the steels. M any shapes such as rings, long rods and gears must be 

heat treated to very close tolelances since machining allowances are at a 

minimum. For such cases, the usual practice is to provide a jig or fixture 

which is sufficiently rigid to prevent any appreciable distortion during the 

quench. Many such devices are in common use , some simple and others 

more intricate, but in general the port is , upon removal from the heating fur. 

nace, quickly clamped to the jig or fixture , and the whole promptly quenched 

in a flow of oil or water. 

TEMPERING 

Pieces which have merely been hardened ore generally 100 brittle to be put 

into service. They are therefole given a tempering (drawing) treatment , which 

consists in reheating the quenched piece at a relatively low temperatu re, 
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which may be anywhere in the range from 300 to 12000 F. depending on the 

ultimate service. Steels which must be very hard, such as boll bearing steels, 

gear steels and the like, are usually tempered in the range from 300 to 4Sif F. 

Steels which must be very tough, such as spring steels, shalts, steering knuckles, 

ax les and the like, are tempered a t higher temperatures, soy in the range from 
700 to 1200° F. It is to be noted that the range from 450 to 650° F. is often 
avoided, particularly if the steel is to be subjected to impoct , since some 
brittleness frequently develops after such a tempering temperature. 

As pointed out above in the discussion of heating for hardening , the rate 

of heat tronsfer from the furnace to the work becomes less as the temperature 

becomes lower. Circulotion of the furnace gases or of the air in a furnace is 

very helpful in se<:uring male rapid and uniform heating. For the some reason, 

liquid baths are olten used in tempering operations, particularly oil baths a t 

low temperatures and salt baths or lead baths at intermediate temperatures. 

ANNEALING 

The softening of steel always requires some kind of controlled heoting and 

cooling . In the case of "full annealing," the steel is heated to above its 

critical lange and is thereupon cooled slowly through the critical range. In 

the case of "sub-critical annealing," the steel is heated to some temperature 

near to but below the critical range, whereupon it may be cooled at any 

convenient rate. 

For the heating operations in annealing the some pre<:outions apply 0$ are 

described above for heating for hardening. 
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TEMPERING , DUCTILITY AND 
IMPACT 

When Q piece has been hardened by quenching, it is usually quite brittle, 

and must therefore be tempered befole being put inlo service. The mor

lensi te of which it is composed has little ductility , but the tempering opera ti on 

effectively increoses its ductility and toughness, while a t the some time de

creasing the hordness. 

The decrease in hordness moy be iUusholed by the following figures , which 

lefer to 0 .43% corbon steel which hod been hOldened fully to martensi te 

by being quenched in water. Upon tempering , thot is by reheating to 

successively higher temperatures, the following hardness va lues resulted. 

As quenched 60 Rockwell -C 

Tempered at 4000 F. 56 Rockwell.( 

Tempered a t 650° F. 49 Rockwell .( 

Tempe red at 900" F. 39 Rockwell-( 

Tempered at 12000 F. 24 Rockwell-C 

Tempered at 12500 F. 20 Rockwell·C 

Accompanying th is decrease in the hardness, there is 0 d ecreose In the 

yield strength ond the tensile slleng th o nd olso on increase in the ducti lity 

os measured by elongation and reduction of area. The changes in the tensile 

properties fo ll ow quite regularly the decrease in the hardness. Typical 

changes in tensile strength , yield strength, elongation, red uction o f area and 

hardness will be found in the charts of physical properties, which are reproduced 

elsewhere in this baoklet. 

A ssociated with the increase in tensile elongation and reduction of area is 

an increase in impact toughness upon tempering. As the tempering temper

a ture is raised , the impact toughness gradua lly increases, particularly beyond 

a tempering temperature of about 8000 F. 

The impact toughn ess is commonly measured o n standard (harpy or 

Izod impact test pieces. When using this form of impact test for measuring 

toughn ess, it is important to note thot there is a region of decreased toughness 

upon temperi ng. When fully hardened steels are tempered at successively 

higher tempera tures, there is a g radual increase in the impact toughness up to 

a tempering temperature of about 400 to 4500 F. As the tempering temper-
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ature is raised further, the impact toughness th en falls off, until at about 6500 F. 

the impact toughness may again be decidedly low. As the tempering tem

perature is raised beyond 6500 F. , there is then a very rapid increase in 

toughness, until at tempering temperatures of 1200 to 12500 F. the impact 

toughness is likely to be very high. 

The decrease in toughness in the tempering range 400 to 6500 F. probably 

attends the decomposition of retained austeni te. The quenched structure, mar

tensite, retains with it a certain small proportion of austenite /rom the quench. 

r.cming inget. eJ alJev .t •• 1 
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This austenite is not decomposed upon tempering until a temperature of about 

400 or 4500 F. is reached. In the range 450 to 6500 F. the austenite is grad · 

ually decomposed to alpha iron and carbide , its decamposition being com· 

plete at about 6500 F.; internal shess may be set up. 

A form of brittleness, encountered particularly in nickel.chromium steel , is 

found when these steels ore tempered in the range 1000 to 1200" F. Such 

tem pered pieces ore liable to be less tough than expected when cooled merely 

in air from the tempering heat. Full tough ness is obta ined however if such 

pieces are quenched in water from the tempering heot. This phenomenon, for 

which no adequate explonotion is yet available, is known as "temper 

brittleness," and different lots of such steel are liable to vary in the degree to 

which they exhibit it. M olybdenum tends to counteract this behavior, or shift 

the active ra nge to higher temperatures. 

As pointed out obove, the hardness of martensite is lessened markedly by 

tempering. The hardness of pearlite is however influenced much less markedly 

by a similar tempering on pieces which ore not hardened throughout their 

section. The shucture of incompletely hordened pieces is a mixture of mar· 

tensite and pearlite. When such a mixture of structures is tempered, the 

mortensitic portion is softened markedly by the tempering , whereas the pearl· 

itic portion is softened much less. As a result, if one tempers a piece which 

after quenching consisted largely of martensite on the outside of the piece 

ond largely of peorlite at the center of the piece, the tempering operation 

will couse much more pronounced softening of the outside than of the inside. 

In such circumstances, differences in hardness between the outside and the 

inside of a quenched piece are lessened upon tempering. The difference in 

hardness between the outside and the center migh t for example be 25 points 

Rockwell-C in a quenched bar and only 10 points after tempering. This is 

illustrated in Figs. 37, 38, 39, 40 and 41 , for a corbon-mangonese steel 

containing about .45% co rban and about .90% monganese. The steel was 

hordened by quenching in water, in sites I/z-, 2- and 5- round, and the 

charts show the effect of tempering at 400, 600, 800 and 10000 F. 
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ABRASION RESISTING STEEL 

Replocement of worn paris is a serious economic foctor in mony industries, 

both on occounl of the cost of renewals and the losses incident to intenuption 

of operations while making repairs. Various materiols or methods of treot

ment hove been tried where abrasion is severe--some proving a success under 

certain conditions, but a failure in others. 

Special alloy steels, with or without heat treatment, have solved some of the 

problems of abrasion. Hord facing , nitriding and case-hardening olso hove 

their special applications, porticularly wherein initial cost is not the determin

ing foclor , but often they are either too expensive or their use is improcti. 

coble. 
There has been a demand for a durable , yet low priced steel, for general 

applications where the material is subjected to abrasion. After a thorough 

study of the requirements, the Carnegie-Illinois Steel Carporation developed 

an abrasion resisting steel , which has been designated by the trade-nome 

A-R Steel. 

This steel is a medium manganese steel of 0.35 to 0.50% corbon, 1.50 to 

2.00% manganese, maximum of 0.050% phosphorus ond 0.055% sulphur 

and with 0.15 to 0.30% silicon. It is also supplied with a minimum of 0.20% 

copper for use where atmospheric corrosion is a problem. It is available in 

standard bar sections, structural shapes, universal and sheared plates, sheets 

and strip. 
In the as-rolled condition, A-R Steel has a tensile strength of approxi. 

mately 100,000 to 125,000 p.s.i. and a Bri nell hardness of 200 to 250, 

depending upon the gage. While this steel is primari ly designed for use in the 

unheated condition, it may be heat-treated to give tensile strengths up to 

150,000 p.s.i. with good ductility. 

One of the requirements of abrasion resisting steel for general application 

is that the steel must be capable of being fabricated by the usual shop equip

ment and practices. A-R Steel has now been on the market for approxi. 

motely six years , and the numerous repeat orders have demonshated that it 

can be fabricated by only slight modi fications of the regular methods. As it 

is a steel of higher tensile strength than the plain-carbon steels familiar to 

fabricating shops , more power is required for shearing, punching and cold 
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forming; and special precautions must be token with the heavier gages, such 
as preheating before shearing to short lengths or before flame cutting. 

A -R Steel can be cold punched in gages of % inches and under. Drill ing 

and machining can be done with standard equipment with speeds and feeds 

reduced, as is necessary with any high.tensile steel. It can be welded satis

factorily with proper welding technique as has been demonstrated by many 

shop experiences. 

A-R Steel has been used successfully in coke handling equipment, chutes 

for handling coal, ore, rock , grovel and sand, for screens, concrete mixer 

ports, pug mill liner plates, furnace skips and hoppers, dredge and pontoon 

pipe, conveyor ports and in road machinery. The satisfactory resu lts reported 

by customers regarding the increased life of parts fully justifies the use of 

A-R Steel for purposes such as cited. 
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ALLOY STEELS IN THE AIRCRAFT 
INDUSTRY 

The aircraft industry requires fine steel of the highest strength obtainable 

due to the constanl efforts being mode to increase the rotio of horsepower 

to weight. Constont rigorous study is mode of the strength, ductility , fatigue 

resistance , corrosion resistance and wear resistance, all of which ore directly 

related to expert steel manufacture and careful efficient heat treatment. 
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CARNEGIE-ILLINOIS STEEL CORPORATION 

The choice of a steel to be used in any port far aircraft purposes is always 

based upon on intimate knowledge of its various properties. All preliminary 

testing imaginable is carried out on row materials; and likewise various forms 

of testing to destruction on the finished ports are practiced in on endeavor to 

determine the suitability of such a steel for a particular application. That the 

reader may know the opportunity for steel selection , the principal glades 

commonly used for engine ports are indicated. 

Crankshafts 

Connecting Rods 

Com Shafts 

Pins 

Bolts and Studs 

Bearings 

Structural Shapes 

and Tubing 

Propeller Hubs 

Propeller Blades 

Geors 

Springs 

SAE 3150, 3250, 4340, 2520, 2335 
SAE 2335, 4145 , 4340, 3150 
SAE 3115, 2315, 2340, 2520 
SAE 2315, 2340, 3250, 4620 , 52100 
SAE 2335, X-31 40 

SAE 4620, 52100 

SAE X-4130, 4140, U-S-S 18-8 
SAE 3150, 4140, 6140, 4340 
SAE 4140,4340 
SAE 3115, 3315, 4620, 3250, 6150 
SAE 6150, 9260 

Only the electric furnace is employed in melting these numerous steels, 

for it possesses certain advantages in meeting the e)[acting requirements for 

each application. 

Leading aviation outhOlities have found that heat treotable alloy steels, 

such as chrome-nickel , chrome-vanadium, and chrome-molybdenum (S.A.E. 

X-4130) alloys, have several marked advantages lor aircraft construction. 

Properly chosen alloy steel structural materials have the highest strength-to

weight ratio now commercially practicable. S.A .E. X-4130, for e)[ample , 

a chrome-molybdenum steel , has became virtually the standard alloy in 

aircraft construction because of its remarkable combination of desirable 

properties. 

The advantages of welding often include a decrease in difficulty and cost 

of fabricating aircraft structures. The heat treatable alloy steels are usually 

fabricated in the annealed state and then heat trealed. For instance, steel 

structures assembled by welding tubing into units of convenient site such as 

, .. 



ALLOY STEELS IN THE AIRCRAFT INDUSTRY 

wing spars, landing gears, and fuse lage sections, are regularly heat treated 

without harmful distor tion by quenching in oil and tempering to strength 

values as high as 200,000 p,s.i. H eat treatment greatly improves the 

strength, tough ness and durability of the welded joints. 

Similar to the very rigid requirements mentioned above in reference to steel 

manufacture, exceptional care and supervision is e~ercised over eoch step in 

the handling, forging and heat treatment of 011 parts destined for a ircraft 

pu rposes, each step in the fabricating process from raw material to finished 

port being subjected to the most e~acting control known to metallurgical 

science. The combined efforts of steel manufacturer and aircraft metallurgist 

have thus placed before the designer an array of alloy steels, with their 

attendant high physical properties, which has contributed in no small measure 

to the advance of modern ai r travel. 
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ALLOY STEELS 
IN THE PETROLEUM INDUSTRY 

Of the severa l hundred different compositions of various alloys thot hove 

been used in the petroleum indu511Y I there ore a group of approximatel y two 

doten aHoy steels which cover the majority of applications. The alloy steels 

discussed under what follows con be used with reasonable assurance that these 

steels provide a good starting point for a more refined selection, which may 

ultimately be govemed by peculiarities of design, economic conditions or 

other foctors. Under the following clossjfjcations severol alloy steels ore 

indicated which are widely used for the specinc purposes. 

OIL WE L L DRILLING EQUIPMENT 

Drilling tools must be of suffident hardness to resist wear and yet possess 

sufficient shock resistance to withstand the impacts encountered in drilling 

opelCtions. 

Bits , core drills and reamer bodies are made of forged S. A. E. 3140, 

X-3140 and 4140, heat treated to 269-321 Brinell. 

Rock bit cuiters a re made from forged S. A. E. 2315 , 3115, 4615 and 

4815 , hard faced and carburized to import the necessary resistance to wear. 

The pins or bearings on which these cutters are mounted in the body of the 

bit are usually mode from oil quenched S. A. E. 3250, 3340 and 4650. 

Drill collors and tool joints are made from either S. A. E. 3140, X-31 40 

or 4140, the drill coliars being normalized and tempered to produce the 

desired properties, while the tool joints are oil quenched and tempered to a 

Brinell hardness of opproximately 287-321 Brrnell. 

Sucker rods and accessories for sour oils are commonly mode of low-carbon, 

low-meta lloid 3.5% nickel-molybdenum steel , S.A.E. 461 5 a nd 4815. For 

less corrosive service , S.A.E. T-1 335 is common ly used. Sucker rod couplings 

are made of carburized S.A.E. 2315 , 4120 and 4615. 

DRILL PIPE AND CASING 

Drill pipe and casing must have e~ceedjngry high strength , lesistance to 

ablCsion a nd at least modelate ductility. For this purpose the monganese

molybdenum or Simanclo or Cromansil types ole usually used. 
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ALLOY STEELS IN THE PETROLEUM INDUSTRY 

PU MPS 

Pumps used in the oil industry may be grouped roughly as follows: 

(0) Pumps for low and moderate temperatures, 

(b) Pumps for service up to 9000 F. 

The choice of steel for pumps within ei ther group depends upon the type of 

pump, the corrosiveness of the liquids being handled and upon the proboble 

abrasiveness of suspended solids. 

Pumps for Low and Moderate Temperatures . Piston rods for reciprocoting 

pumps, sleeves for centrifugal pumps ond miscellaneous shafts and rotors are 

made of S.A.E. 2335 , 3140, 4140 and 6150, heat treated to approximately 

300 Brinel!. Corburired S.A. E. 2320 and 4815 ore also used for piston rods 

where high resistance to abrasion is desirable. For most severe types of 

service 12% chromium steel is used at approMimately 300 Brinell , while im

pellers for this type of service are made from 4- 6% chromium steel con

taining .20/ .30 carbon. 

Pumps for Service up to 9000 F. For high temperature and pressure service 

the casings for al l types of pumps are made olmost exclusively of forged steel. 

Piston rods and plunger$ are made of S.A.E. 6150 or 12% chromium steel 

hardened to about 300 Brinel!. Valve bodies a re made of S.A.E. 3140 

and 4140 , while the seats and discs are made of 12 %chromium steel hardened 

to approximately 400 Brinel!. Inner casings on centrifugal pumps ole usually 

made of 4- 6 % chromium steel. Because of the large joints involved in this type 

of pump. case stud bolts are made of high strength steel , usually S.A. E. 3140 

or 4140 , heat treated , and sometimes even 4- 6% chromium steel with tungsten 

or molybdenum additions. Impell ers for exceptionally severe corrosive condi. 

tions are made of 25% chromium , 12% nickel steel and perform satisfactorily 

With practically no corrosion , even after several years of service. Shaft 

sleeves on centrifugal pumps are made ei ther of 4-6% or 12% chromium 

steels which are hard faced on the working surface. 

HIGH TEMPERATURE FURNACE, STILL 
AND HEAT EXCHANGER TUBES 

Present day equipment such as stills and crocking units are operated at 

temperatures and pressures considerably in excess of those used as recently as 
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ALLOY STEELS IN THE PETROLEUM INDUSTRY 

eight to ten years ago. High pressures naturally increase the working 

stresses, while higher temperatures decrease the permissible working stresses 

that con be maintained on any particular steel. Furthermore, hrgh temper

atures intensify the corrosion and scaling of steels. These faclors all indicote 

many places where substitution of alloy steel should be considered if the 

substitu tion will increase the life of the unit three or four times, provided of 

course that the obsolescence period of the particular deSIgn is not e:w:ceeded. 

The safe load which can be maintained is usually e:w:pressed as that load 

which will couse elongation (known as creep) of not more than 1 % in 10,000 

hours. Broadly speaking, e:w:perience indicates that the creep strength of cor

ban steel is such that alloy steel is preferable at temperatures higher than 

1000° F. However, because of the low corrosion and scaling resistances of 

this steel, it is seldom used above BOOo F. 4-6% chromium steel hos good 

creep strength up to 110(f' F. and the some type of steel with 1/z% molyb

denum may be used up to 1200° F. The corrosion and scaling resistance of 

these 4-6% chromium steels is further enhanced by the use of titanium or 

columbium in addition to molybdenum. Although the creep strengths of the 

12% ond 17% chromium steels ore nearly the same os that of the 4-6% 
chromium steel with molybdenum at 1200° F., the advantage of the hi gher 

chromium steels is due to their greater resistance to corrosion and scaling. For 

the highesltemperalures in the neighborhood of 1350° F., the 18% chromium, 

8% nickel steels have proven very satisfoctory because of their high creep 

strength combined with scaling and cOHosion resistance. 

Aside from the better creep properties of the 4- 6% chromium steel with 

molybdenum, os compared to the some type without molybdenum, the former 

have the advantage of retaining low temperature ductility olter prolonged 

use at elevated temperatures. This is on important consideration where lubes 

are cooled down for coke removal. 

PRESSURE VESSELS FOR DEWAXING 

In the manufacture of lubricating oi ls it is customary to remove the palaffin 

by cooling the oils to low temperatures, in the neighborhood of -75° F. For 

this purpose 2 1h% nickel steels containing up to oboul .25% corban have 

been widely used because of their satisfactory impact strength at these low 

temperatures. The 4- 6% chromium sleels with additions of molybdenum , 

titanium or columbium have also proven satisfactory for this type of service. 
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THE APPLICATION OF ALLOY STEELS 
ON AMERICAN RAILROADS 

The relatively recent adoption of light-weight hi gh-speed equipment has 

been facilitated by the development of spe<:iol steels and has hod 0 vely 

stimulating effect on the use of alloy steels by the entire country's rai lroad 

systems. 

Th e rirst alloy steels used in TOilrood applications consisted of steels of the 

corbon-vanadium type, the chromium-vanadium type, the mangonese-vanadium 

type, and the 2 ',4% nickel type used principally on reciprocati ng ports and 

main axles. M ore recently for reciprocating potls, we hove witnessed the 

introduction of the chromium-nickel-molybdenum steels, originoll y used on li ght

weight locomotives only, but now gradually being adopted for 0 wide Yariety 

of uses. 
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ALLOY STEELS ON AMERICAN RAILROADS 

The stainless steels, particu larly U-S-S 18-8, also belong in the classifica

tion of the more recent developments , which ole being used in light gages as 

sheathing and trim for both passenger cor equipment and locomotives, for 
fittings and in many cases even for complete train structures , including framing 

members. Surprising as it may seem, while th e first cost of these stainless steels 
is relatively high , the final cost of completed trains, paltly due to high per

centage of weight reductions, compares very favorably with that of equipment 

mode 110m lower priced sleeis. Along the same lines, the high tensile steels 
are ga ining considerable favor , particulorly Cor-Ten and Man-Ten which , 

because of their higher strength and corrosion resistance , are being used for 
siding and structural members, as a means of reducing weight. 

A few typical eKamples of the alloy sleeis now being used may be outlined 

as follows. 2 '/4% nickel , medium-corban , boiler plate material permitting 
boiler pressures of 300 pounds per square inch with nO increase of plate 

thicknesses. We find numerous applicotions of low-carbon 2% nickel steel 
in staybolts due to its high fatigue properties and in certain cases to its 

corrosion resistance. There are wide uses of S.A .E. 21 15 ond S.A .E. 
3120 steels for engine bolts. Piston rods, crank pins, mai n rods, side rods 

and main axles are mode up of the carbon-vanadium and nickel-manganese 
types, and where sections are being reduced, the chromium-nickel-molybdenum 

type. 

Alloy ports, particu larly when used in reciprocating motion, are heat. 

treated to the required physical properties depending upon the strength and 

ductility required to do the job. 

Molybdenum, in addition to being used with the nickel-chromium com

binotions, is being used in low-corban combinations for frami ng members of 

some of the new Diesel locomotive super-structures . A recent develop
ment in steels for high-speed hains is the production 01 wheels from a 

.45 /. 55% carbon , .50 .80% manganese and .40/ .50% molybdenum 

steel. 

Included among the most recent adoptions of alloy steels in American 

raillOod practice, we find S.A. E. 52100, S.A. E. 4615 and S.A.E. 3312 in 

use in the roller bearings which ale rapidly gaining favor lor use on high· 

speed passenger trains. There is likewise a tlend toward S.A .E. 6150 and 

S.A. E. 9260 for springs in both locomotive ond passenger equipment . 
No discussion of the use of alloy steels in present day railroad practice 
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would be complete without mention of the numerous applicotions in the mony 
auxiliaries constituting the make-up of present day locomati~es and high

speed passenger equipment. They are found in the form of shofts in air con

ditioning occessaries, such as motors, blowers and pumps, both centrifugal and 
rec rprocating , os well as in the roller bearings supporting them. The some is 

hue of bearings, geors ond shofts of the axle generators mounted on passenger 

cor axles to supply electric current for lighting and other requirements. 

Among the locomotive ouxiliaries using alloy steels are boosters, feed pumps , 

headlight generators and automatic stokers. While specifications for these 

many auxiliary ports are not generally controlled by the purchosing rail

road, the efficacy of alloy steels, where long life under repeated high stresses 

is imperative, has been indisputably proven. 
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U· S·S CARILLOY ALLOY GEAR 

STEELS 

In making geors so many difriculties have arisen that metallurgists hove been 

inspired, by the problems of geors alone, to develop many improved alloy 

steels. 

Gear steels suitable for use in the automotive industry, in agricultural 

implements and machinery, in all well equipment, in machine tools and many 

other fields must meet rigid requirements. These geor steels must hove superior 

physical chorocteristics. They must be uniform in chemical composition and 

in groin size characteristics. 

The superior physical characteristics which are required of gear steels 

include the following: 

(1) The steel must forge successfully, 

(2) The steel must respond to the annealing cycle so thot the proper 

stfUciufe for machinability is readily established. 

(3) The steel must react properly to standard heat-treating methods, 

whether the treatment consists of a direct quenching or a reheating , 

or a thorough hardening cyanide treatment. 

(4) The results of heat-treating the steel must be such that minimum dis

tortion and the maximum uniformity is regularly achieved fram gear 

to gear. 

(5) The steel must be wear and fatigue resisting, to lost the life of the 

equipment in which it is used . 
Steels which da not conform to these requirements increase production costs 

in making gear>. For instance , steels which do not respond to annealing 

increase cuiter costs. Steels which do not respond to heat-tre<lting must be 

scrapped or require expensive Ie-treatment undesirable from the point of view 

of distor tion. 

Steels which distort non-un iformly a re troublesome because of excessive helix 

ang le changes, excessive spiral angle changes, bore changes, involute 

changes, spacing changes, pitch line changes, lock of bock flatness , stem dis

tOltian , and other numerous volume or dimensional changes reflecting in mis

matched contacts, run-oul, noisy gears, and excessive lopping and remalching 

costs. 
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U · S·S (ARILLOY ALLOY GEAR STEELS 

In the array of chemicol compositions used for gears, we have the following 

types: 

In the carburizing grodes 

*Amola 

S.A.E. 2315 
*S.A.E. 2512 

· S.A.E. 3020 
S.A.E. 3120 

*S.A.E. 3120 with .10/ .20% Mo. 

S.A.E.3312 

In the full hardening types 

*Amolo 

S.A.E. 2345 
S.A.E. 3130 
S.A.E. 3145 
S.A.E. 3250 
S.A.E. 4640 

(*) Not standard S.A.E. types. 

·S.A.E.4120 
S.A.E.4620 

*S.A.E. 4620 with .30 / .60% Cr. 

S.A.E.4815 
S.A.E. 5120 
S.A.E.6120 

·S.A.E. 4645 
S.A.E. 5140 
S.A.E. 5145 
S.A.E. 6130 
S.A.E. 6150 

Treatments used an the carburizing grades consist of either direct quenching 

or a pot cool and single reheat in the majority of cases. However, some 

types lor certain applications are double treated. 

Treatments used on the thorough hardening types consist, in the majority 

of cases, of cyanide heatings, next the cyanide dip, and last open furnace 

treatment. In some instances, the thorough hardening types are carburized 

lightly to produce wear resistance comparable 10 cyaniding. This has been 

found to be very desirable, particularly from the standpoint of cleanliness 

and distortion. 
Because these requirements fat gear steels are so exacting, both as to the 

manufacturer's processing and for the ultimote product, these steels must truly 

be controlled in every step of their making. Each minute detail must be 

uniform from one heat to the next. USS (ari lloy Alloy Steels are made 

with this precision , to meet exactly these stringent requirements. 
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ALLOY STEELS APPLIED TO 

BEARINGS 

Bearings occupy a dominating place in modern mechanical progress and 

from their vilol position they have had Q profound influence on the perfection 

of transportotion, the degree of accuracy wi th which it is now possible to 

produce lolled steel , and in general the precision with which our machine 

tools now operate. 

Steel used for the manufacture of bearings must be of the very highest 

quolity 05 regards cleanliness, hardenobility and inherent uniformity. The 

handling of the material, from the selected scrap chOlge in the melting furnace 

to the finished assembled bearing, must be such that the resulting product 

meets the very exacting requirements of field service. 

Bearings hove a multitude of applications from the small needle or quill 

bearings to the lorge beorings used in steel mills, bridges ond hydro-electric 

plants. The increased speeds of rail and automotive travel as reflected in the 

inCleased use of anti.friction devices has, in turn, emphasized preciSion control 

of the row material involved in bearing manufacture, its heat treatment and 

the limits of dimensiona l tolerances of the bearings themselves. Due to recent 

trends toword streamlining in transportation equipment, and the consequent 

requirement of wider flat steel products to make these parts, anti-friction bear

ings have became a necessary adjunct to the steel industry. They have played 

na small part in the solution of the problems involved in precision rolling for 

width and gage of wide ship and plate on our modern continuous mills. 

The types of steel most commonly used for bearing application fall into two 

classes; first, the direct hardening and, second , the corburizing grades. 

Direct Hardening 

S.A.E.52100 
SAE. 5150 

*S.A.E. 6190 

Modifications of S.A.E. 52100 

(*) Not standard S.A.E. types. 
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Carburizing Types 

SAE.4620 
*S.A.E. 4120 

SAE. 3120 
SAE. 3312 
SAE.5120 
S.A.E.6120 
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ALLOY STEELS APPLIED T O IEAIlINGS 

(are matching that of steel making should be exercised in the forging , 

normaliling, annealing and final heatlleatment of bearing pOlis, particularly 

those involving complicated cross sectional shapes. To obtain the best results 

in fo rging , the ports must be preheated and raised 10 the forging temperature 

very slowly; likewise, suitably slow cooling to prevent internal ruptules is 

requisite. A normalizing treatment is used on the forgings followed by on 

annealing treatment. On the thorough hardening types the annealing treat

ment is adjusted to produce a well distributed spheroidized structure. 

In the heating for quenching, after machining , in order to ovoid distortion 

and undue thermal sllesses, preheating is most effective. The rate at which 

the temperature is raised should be controlled so as to minimize temperature 

differences throughout the cross section being treated. In quenching the follow

ing factors must receive particular attention. 

Temperature of the quenching medium. 

The time the section is left in the quenching both. 

The temperature at which the section is lemoved from the quenching both. 

The time interval between quenching and drawing operation . 

The proper drawing temperature and ploper time in draw. 

Since the possibility for now deslluctively testing the very large bearings is 

limited , no pains are spored in the manufacture of each individual small port 

which goes to make up the large bealing because the success of the bearing 

as a whole lies in the excellence of the performance of each component part. 

The remarkable duties being performed by bearings of present day design 

were practically unheard of as recently as five years ago. This excep

tional record of performance has been made possible by the constant en

deavors of those engaged in the bearing industry , in co·operation with the 

steel manufacturer and the forging sources; this co-operation has resulted in 

the production of the optimum structures with properties necessary to resist 

wear, shock and fatigue. 



THE USE OF STEELS AT ELEVATED 
TEMPERATURES 

The development of the chemical , peholeum and power indushies to a 

greater efficiency and economy depends to a consideroble eKtenl on the use 

of higher and higher operating pressures and temperatures ; higher stresses at 

higher temperoture for the steel involved. Representative installations re

qui,ing steels for service at high temperatures and pressures include oil stills, 

cracking units, pumps, volves, pressure tonks, steam turbines, boilen, super

heaters and high temperoture steam p iping. 

In view of the requirements and possible sofely hOlords involved in this 

type 01 service, it has been recognized that the materials should have the 

following qua l ities; 

(0) 'odequate strength at elevated temperature, 

(b) maximum resistance to oxidation and attack in the corrod ing media 

to which it may be exposed in service, 

(c) good ductility and toughness during its period of service, 

(d) weldabi lity , if application involves welding , 

(e) generally satisfactory fabricotian chorocteristics, i.e., it should be 

suitable for rolling, forging or tube piercing . 

The relative importance of these charocteristics depends upon the applica· 

tion , but Cleep strength and cOlfosian resistance are of prime importance. 

With regard to Cleep, it has been found that the determinations of tensile 

strength , yield strength and elastic limit, when measured in a sholt time test 

ot high tempera tures , are inodequate. When matetials are maintained at 

high temperatures even under a relativel y low stress , a gradual yield or 

extension occuu . This graduol yield , becouse of its small magnitude, has 

been termed creep and is customarily expressed in te rms of rate, based on 

time , temperature and percentage of elongation. For example, the shess 

which causes e longotion at a rate of 1 % per 100,000 hours at 10000 F., or 

of 0.1 % elongation per 10,000 hours at 11000 F. is termed th e Cleep shess 

for the material at the particu lar temperature. For certain applications, suc h 

os steam turbines, total elongation rather than the rate is of greatest impor. 

tance, since th e construction tolerances are very small ; furthermore materials 
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THE USE OF STEELS AT ELEVATED TEMPERATURES 

under stress at high temperatures do not necessarily e longate most rapidly 

during the early period of service. 

Factors influencing the creep characteristics are primarily the presence of 

effective alloys and the mic rostructure which has been induced by suitable 

heat treatment. Study of this problem has been very extensive and, although 

it is believed that the alloys which have low diffusion rates and which 

form carbides, such as molybdenum , chromium, tu ngsten, vanadium and 

titanium , are most effective in producing a steel of high creep strength, other 

alloys are frequently used either to assist in obtaining this quality or for oxida

tion and corrosion resistance. The classes of steels used may range from the 

austenitic high chromium·nickel stainless alloys to pearlitic steels of moder

ate alloy con tent or simple carbon steels, the selection of which musl depend 

on the conditions of service. 

Scaling and corrosion are of course very important problems since these 

reactions resul t in loss of metal with a consequent loss in strength , or under 

certai n conditions, cause embritllement because of intergronu lar attack. 

The advantages of welding are so well established that many steels for 

high temperature service are designed to be weldable and do not seriously 

air.harden in the vicinity of the weld. 

The ease of fabrication of steels for this purpose is important not only for 

economical production, but also to ovoid difficulties in construction. This is 

particularly true for tubing which must be pierced satisfactorily and in many 

cases subsequently be shaped 10 conform with a required design. 

Eoch .1 .. 1 i. ,.iled to ito iob 



PROPERTIES and USES OF 
U·S·S COR.TEN, MAN.TEN 

AND SIL.TEN STEELS 

COR-TEN 

U-S-S COl-Ten is a low·alloy open heolth steel with the elements adjusted 

primarily to give good cOllosion resistance with high physico I properties. 

Cor·Ten is a ductile low ca,bon-ch,omium-coppe,-silicon-phosphorus steel. 

The ploportion of elements is such as to produce a steel which, in gages up to 

1.4-inch thickness, hos a minimum yield point of 50,000 pounds per square 

inch, and a minimum tensile strength of 70,000 pounds pet square inch 

in combination with excellent ductility. Endurance limils of this steel are 

high, being at least 65% of the tensile strength. Its ideol combi nation 

of phosphOlus and copper for corrosion resistance and of silicon and chro

mium fot high strength makes this steel suitable for a voriety of applica

tions. particularly in the railroad. automobile. bus and truck transportation 

Hot _"nil" 1_'!v<Ih • .,1 hood rat., h.,~_ 
('" _oM of u·s·s (",.T.n I. "n _""0" 
w ..... 'M •• ult.ftI ,,,,.,i"1I ooollli .. of (",. 
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PROPERTIES AND USES OF U . S·S 

indusllies. No difficulty is experienced in welding this steel with shielded 

metal arc , flash or spot welding equipment. 

The reduction in weight, through the use of thinner members, ill 0 structure 

which must remain serviceable for many years depends not on ly on the 

strength of the material used in the structure, but also on the resistance of the 

material to callosian; otherwise the strength of the structure might be markedly 

reduced in a short time by cOllosion and, as a result, defeat the purpose for 

which the thinner members are used . It is obvious, therefore , that high tensile 

steels designed for weight reduction must be resistant to severely cOllosive 

condi tions, and Cor-Ten has four to six times the life of plain steel in ind ustrial 

atmosphere. U·S·S Cor-Ten is twice os resistant to sea water and inter

mittent brine conditions as copper steel. Its resistance to corrosion, combined 

with high physical properties, favors its use in the ecanomico l construction of 

ships, boots and barges of many kinds. 

Cor-Ten is also more resista nt to abrasion than standard structural steel, 

tests showing 33% greater durobility than for mild steel when subjected to the 

abrasive action of coke. There are definite indications that Cor-Ten may be 

classed as a mildly heat-resistant steel for moderately high temperatures. The 

materia l oxidizes or scoles less rapidly than mild steel. 

Cor-Ten is now in use in railroad passenger and freight cars of all kinds, 

automotive trucks and buses, trolley buses, street railway cart, river dam 

structures, bridge members, tanks of various kinds, mine cars, industrial 

building roofing and siding, highway construction and farm implements. In 

short, Cor-Ten may be used where any of the following features are required, 

(1) Greater structural strength. 

(2) InC/eased corrosion resistance. 

(3) Weight reduction. 

(4) Greater durabil ity, or 

(5) Some combination of moderate weight/eduction and greate r durability, 

MAN-TEN 

M an-Ten tokes its nome from its manganese content and its high tensile 

strength . Its composition of manganese 1.25/ 1.70, carbon .30 maximum, and 

si licon .30 maximum was adjusted to produce a type of steel intended as a 

substitute for more costly alloy structural steel. The yield point ond tensile 
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CARNEGIE-ILLINOIS STEEL CORPORATION 

strength of Man-Ten in gages up to 'A inch are 50,000 ond 80,000 Ibs. p. sq. in. 

minimum, respectively. Man.Ten is slightly less ductile than COI.Ten and its 

resistance to atmospheric couosion is on ly commensurote with other plcin steels 

containing .20 minimum copper. Its resistance to abrasion is about 33% greoter 

thon thot of mild steel. 

Man·Ten can be welded with the shielded metal are or flosh welding 

equipment by taking the usual precautions necessory to weld ony high tensi le 

steel. It is successfully used in are bridges , crones, dipper sticks , walking beams, 

vibrating screens , booms for ditch diggers and other purposes where a rugged 

durable service is necessary. It is advantageously used for applications where 

resistance to wear and vibration are factors , such as in light-weight welded can· 

struction of dredge buckets , hummer screen frames and similar applications. 

SIL - TEN 
Sil-Ten is a high strength structural steel and is used in bridges , buildings, oil 

well derricks, walking beams, transm ission towelS, and for similar purposes 

where a steel is desired having higher physical properties than required in 

standard structural steel. At the present time, SH-Ten is not generally used in 

welded construction . This steel is equivalent in every respect to the standard 

structural silicon steel of the Americon Society for Testing Materia ls, Specifi

cation A-94 . As its nome suggests, its principal alloying element is silicon. 

UnlfOf",;rv of Plodl/C! 



INDUSTRIAL APPLICATIONS OF 
U·S · S CARILLOY ALLOY STEELS 

The following tobulation shows how various grades of allov steels ore 

utilized in industry, The listings under the several applications shown are 

not in any case to be taken as representing the only grades for a particular 

purpose , but rother the grades most commonly used. It can readily be appre· 

ciated thot questions of design , economics, machining facilitie5 , availabili ty 

of heal-treating equipment and other factors enter into a definite selection of 

a particular glade for a particular purpose. limitations of space preclude 

listing all of the alloy grades which can be used for anyone application. 

To assist users of (crilley Alloy Steels in selecting the proper grades mosl 

suitable for their needs, a staff of consulting metallurgists ore employed who 

are 01 your service at all times 10 study your particular problems, and to 

assist you with their knowledge of steel-making, treating and fabrication . 

This service is available to all industries using alloy steels for any purpose 

whotsoever, at no obligation. We are justly proud of the strides made in 

applying the results of quality steel manufacture to the needs of the consuming 

industries in our modern era of aHoy steels. 

APPll(ATION 

AIRCRAFT 

Blades 

Bolts, Nuts and Studs 

Cams. 

Coil Springs. 

Collector Rings 

Connecting Rods 

Crankshofts . 

Cylinder Liners 

Drive Shahs 

Exhaust Man ifold 

Gears 

Instrument Boards 

(*) Not standard S.A.E. types. 

STEEL 

S.A.E. X-41 30-"4345-61 30 
S.A.E. 2330-3140-4140 
S.A.E. 2515-3312 
S.A.E. 6150-9255 
U·SS 18-8 Cb 
S.A.E. 2330-31 30-"X-41 35 
S.A.E. "2512-3140-4140-4340 
S.A.E. 4140-Nitralloy 

S.A.E. 2330 
U·S·S 18-8 Ti 
S.A.E. *2512-324o-Nilralioy 

Non-magne tic stainless steels, 

U-S-S 18-8-U·SS 25-12 

,.9 
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INDUSTRIAL APPLI C ATIONS 

APf'I..lCATlON 
AIRCRAFT-Continu.d 

Magneto, Distributol and 
Generator Shafts 

Pistons and Knuckle Pins 
Propeller Hubs 
Pump Shahs . 

Rocker Arms 
Structural Shapes 
Tubing 
Volves 

EJ:hausl 

Intoke 
Wing Covering 

STEEL 

S.A.E. 2340-3250 
S.AE. 3312-615O-NitlOlloy 
S.A.E. 434(>-0135 
S.AE. 2315-2330-Nilralloy 

S.A.E. 2330-3140 
S.A.E. X·41 30-U·S·S 18·8 
S.A.E. X-4130 

Special high temperature alloy steels 
with numerous combinations of various 
elementsasCr, Ni , Si , Mo, Va , W, AI, Co. 

S.A.E. 3140 
U·S·S 18-8 

AUTOMOTIVE PASSENGER AND TRUCK PARTS 

Arms. S.A.E. T-1340-*3045-3135-3140-
3240-4130-4140 

Beorings See BEARINGS 
Body Construction . Cor·Ten ond Man-Ten 

Body T"m U·S·S 17-U·S·S 17-7- U.5.S 18-8 
Bolts . S.AE. T-1335-3135-Amola.40 .45C 
Connecting Rods S.A.E 4130-4140 

Crankshafts (Trucks and Busses) S.A.E. 3140-3240-4140-4340 
Differential Pinions S.AE. 3115-*4115-4615-6130-

Amola .20 .25 C 

Different iol Drive Pinions S.A.E. *2512-3115-4115-4620-
4815-Amola .25 / .30 C 

Differential Pinion Shofts S.A .E. 31 15-4615-Amola .20 / .25C 

Differential Ring Geo rs S.AE. 2320-3115-4115-4620-

EJ:haust Valves 

Frome Ports 

(*) Not standard S.A.E. types. 

Amo1o .25 / .30 C 
Sl-Cr ond various high temperature re
sisting combinations of Ni· Cr-V -W·Si.AI 

Cor-Ten and Man·Ten 

U1 
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APPLICATION STEEL 
AUTOMOTIVE PASSENGER AND TRUCK PARTS-Contin".d 

Front Axles S.A.E. 4140-Amolo .45 / .50 ( 
Gears-Differential Side Gears S.A.E. 2315-3115-4115-4615-

Intake Valves 

Knuckl es 

Knuckle Pins 

Piston Pins . 

Propeller Shafts 
Pump Shafts. 
Radiator Grills 

Rear Axles . 

Springs-Leaf ond Coil 

Steering Worm 

Trailer Axles 
Transm ission G ears 

TfOnsmission Spline Shahs 

Valve Springs 
BEARING STEELS 

Bolls • 

Cups, (ones (Outer and Inner 

Races) 

(*) Not standard S.A.E. types. 

6130-Amo1a (.35 / .40 C) 
SAE.3140 
SAE. T-1340-3135-3140-3335-

4140 
SAE. 2315-3115-4615 
S.A.E. *4120-4615-5120 

SAL 3140 
S.A.E. 4615-U·$·$ 12-Nitrolloy 
U·S·S 1 B-B 
S.A.E. 1330-X-3140-3240-4140-

4150-434D-Amola .60 / .70 C 
SAE. 5150-6150-9255-60-

Amolo .60 / .70 C 
S.A.E. 4120-*5130-*5135-

311 H. l0/. 20 Mo 
SAE. T-l 345-2340-3140-4140 
SAE.2315-3120-3145-3312-

· 411 5-4620-4620 ('Iz% ( ,)-4640 

514o-*5145-Amola (.30/ .35 C) 
SAE. T-1345-3115-4140-4620-

*5145-Amola (.20 /. 25 C) 

SAE.6150 

S.A.E. 52100 ond modifications , viz.: 

*(a) 1% (-1% (r-1% Mn 
*(b) 1% (-1% (r 

*(c) 1 % (-I/:% (r 

*(d) 1% (-1% Mn- 1h% (r 
'(e) 1 % (-1 B% (, 

S.A.E_ 3120--3312--4120--4615--
4815-5120--6120-52100-

*o-b-c-d-e 

'" 
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INDUSTRIAL APPLICATIONS 

APPLICATION 
BEARING STEELS-Continlled 

Roll ers 

BRIDGES- DAMS AND LOCKS 
(CONTROLLED WATERWAYS) 

SlEEL 

S.A.E. 3312-4615-4815--6120-
1%(-18%(, 

Bearing Plates U-S-S 18·8 
Blast & Cover Plates COI.Ten 

Bulkheads Cor-Ten and Man·Ten 
Bumper Plates 
Cables 
Cantilever Pins 

Controller Boxes 
Crest Plates . 
Eye Bars 
Nappe (side) Shields 
Reinforcing Bars (High Shength) 

Roller Gates 
Seal Plates . 

Tainter Gates 
Tie Plates and Trusses 
T,acks . 

BUILDING TRADES 

For architectural applications 

CHEMICAL INDUSTRY 

Heat Exchanger Tubes 

Jordon Bars (paper industry) 

Low Temperature Processi ng 
Equ ipment 

Reaction Vessels-

Vacuum, Atmospheric and 
high pressure . 

('" Not standard S.AL types. 

Cor-Ten 

.35 C + llz% Ni 
S.A.E. 3130-X-41 30-Normolloy 
Cor. Ten 

Cor-Ten 
S.A.E. 2335-· X·4135 
Cor-Ten 

4t0 6%Cr 
Cor-Ten and Man·Ten-U·S·S 12 
Cor·Ten and A-R Steel 
Cor-Ten 

S.AE.233O-Cor.Ten 
Cor.Ten and A-R Steel 

U·S·S· 18·8-U·S·S 18·8 S-U·S·S 17-
Cor.Ten 

S.A.E. 231 5-2515-U·S-S 18·8-
U·S·S 16·13·3-U-S-S 17 

S.A.E.314Q-414Q-U·S·S.12 

S.AE, 23 15 *(21/z% Ni-.25 C max.) 

U·S·S 27-25·2Q-25·12-U-S-S 12-
U-S-S 18·8,-U·S·S 18.8,·Mo
U·S·S 17 

'" 
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API'1...ICATION SlEEL 
CHEMICAL INDUSTRY-Conlin"" 

Shafting S.A.E. 2335-U·S·S 1 B-B 
Tubes for Conveying Purposes U·S-S 1 B-Bs-U·S-S 17-USS 16-1 3-3 
Tube Sheets for Evaporators S.A. E. 23 15-U-S·S 1 B-Bs-

USS 17-USS 16·13·3 
ERECTION AND CONSTRUCTION MACHINERY 

Booms 

Buckets 
Bucket Teeth 

Chain links 

Chain Pins 

Chutes 

Conveyors 

Conveyor links 

Dredging Cutters 
Gears 

(. ) Not standard S.A.E. types. 

S.A.E. 233S-(or-Ten and Mon-Ten 

Car-Ten, Mon-Ten and A-R Steel 
S.A.E. X.3140-51 50-9260-

· Cr-Ni-Mo (435S}-12% Mn Steel 
S.A.E. T.1345-3135-3145-3250-

4140 (.25 _40 Mo}-·S 130 
S.A.E. 2315-3250-4150-4620-

Amolo .60 .70 C 
Cor-Ten, Man-Ten and A-R Steel

U·S·S 12 
Cor-Ten , Man-Ten and A-R Steel-

U·S·S 12 
Car-Ten , Man.Ten and A.R Steel 

S.A. E. 2315-4615-4815 
S.A.E. 2320-311 5-3140-4620 

In Ihl. _lion 01 Ih. ",ill alloy loa" 
0 •• occuoo,.ly "'-orHl la len"'h 



INDUSTRIAL APPLICATIONS 

APPLICA nON STffl 

ERECTION AND CONSTRUCTION MACHINERY- Con f;nved 
Hoppers 

Scarifier Teeth 

Scraper Blades 

Skips and Cages 

Sprockets 

Track Pi ns 

Winch Shofts 
FOOD INDUSTRIES 

Cooki ng Utensils 
Milk Cans . 
Pasteuri zing Equi pment 

Cor-Ten , Man-Ten and A- R Steel 
SAE. ' 3160-5150-6150-9260-

A-R Steel 
S,A,E.+3160-Amola(.60 ' .70C)-A-R 

Steel 

S.A.E. 2320-2330-Car-Ten , Man-Ten 
and A-R Steel 

SAE. T-1345-3115-3 140-4140-
4620 

S. A .E. 2320-4620 
SAE.2340-3140-4145-{)140 

USS lB-B,-USS 17-USS 1B-B, Me 
USS l B-B,-USS 17-USS lB-8, Me 
U·S·S l B-8,-U·S·S 17-USS l B-8, Me 

Processi ng Equipment U·S·S 18-8s-USS 17-USS 18-8s Mo 
Storing Equipment USS 18-8s-USS 17- USS 18-85 Mo 
Tonks, Vats, Fermentation Vessels USS 18-8s-U·S·S 17-USS 18-8s Ma 

Trays USS 18-8s-USS 17-USS 18-8s Mo 
Tubing USS 18-8s-USS 1 7-USS 18-8s Ma 

(t ) Not sta ndard S.A.E. types. 

A j,ain..r wo,omon i. e.amininll 3~% nic.el 
alloy 3" ,ound. lor ao"ible .u,face del«!> 
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APPlICATION STEEL 
FORMING DIES AND HAMMER SHOP EQUIPMENT 

Blanking Dies S.A.E. *3440-*4345-Cr-Va (.45 C)-

Cold Head ing Dies 

Crankshofts (Heovy Duty) 

Di e Blocks-hot work 

Die Costing Dies . 

Piston Rods . 

Plastic Molding Di es 

Rams. 

Sow Blocks . 

Trimmer Dies 

HYDRAULIC MACHINERY 

Impellers 

Piston Rods 

Rams. 

Shafts 

Valves, Fittings 

MACHINE TOOLS 

Chuck Jaws . 

Collets-Feed Fingers 

Gears 

Lead Screws (Pre<:ision) 

Shafts 

Spindles 

Tool Holders 

(*) Not stondard S.A.E. types. 

C-Va (.90 C) 

S.A.E. ' 4345 
C,-N;-Mo (.40C) 
S.A.E. '3160-' 4155-6150 

C,-N;-Mo (.50/ .60 C-.30 Mo) 
C,-N;-Mo (.50/ .60 C-.75 Mo) 

S.A.E. 3140-' 4345 
C,-N;-Mo (.30/.35 C-.25 Mo) 
S.A. E. ' 3110-4610 
C,-N;-Mo (.40 C) 
C,-N;-Mo (.55 C) 
C,-N;-Mo (.65 C) C,-Mo (.85 C) 

S.A.E.3140-4140-4145 
S.A.E. 2335-4140-6145-

Normalloy 

S.A.E.2335-4140 
S.A.E.2335-3140-4145-4345-

6145 
S.A. E. 2320-Nitralloy 

S.A.E. 4615-6150 
S.A.E. 2350 
S.A.E. 2315-2350-311 5-461 5-

· 4650-*5145-·6145 

S.A.E.3140-4140-6140 
S.A .E. 2340-3140-3150-3250-

· 4650 

S.A.E. 2315-2340-3140-4145-
4615-6145 

S.A.E. 2315-311 5-3245-41 50-
4620-6150 
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APPLICATION 

MARINE APPLICATIONS 

Barges. 

Camshafts 
Crankshafts 
Dredges 
Engine Bolts 
Propeller Shafts 
River Boots . 

Steamer Ports 
Tankers 
See also Power Plants for 

high pressure steam parts 

MILL EQUIPMENT 

Cor-Ten and Man-Ten 

SAE.2335 

STEEL 

S.A.E. 3140-*4145-*4345-6140 

Cor-Ten , Man.Ten and A-R Steel 
SAE. 3140-4140 
S.A.E. 2335-3240-4340-18·8 
Cor-Ten and Man-Ten 
Cor-Ten , Man-Ten and A-R Steel 
Car.Ten 

Textile, Printing and Laundry Equipment-

Bearings See BEARING STEEL 
Chain links S.A.E. 4140-*5135 
Connecting Rods S.A.E. 3140-4140 

Gears 
Rollers 
Shafts 
Spind les 

See also Chemical Industry for 
Vats, Tubs, etc. 

S.A.E. 2315-3115-4620-5150 
S.A .E. 2335-2340 
SAE.3140-4140-6140 
SAE. 3140-4140 

MINING AND MILLING MACHINERY 

Drilling and Digging Machinery-
Bits . S.A.E. 9260-Si-Mn-Mo (.50 /.60% C) 

See also Pneumatic Machinery 
Crusher Jaws S.A.E . 5150-9260-12·14% Mn 
Crusher Shafts S.A.E. 3140-4145-4340 

Cutters for Undercutting 

Machines 
Mill Bolls 
Screens 

(*) Not standard S.A.E. types. 

SAE. 9260-S;.M,.Mo(.50/'60% C) 

SAE. 9260-52100 
SAE. 6150-A· R S",I-U·S·S 12 
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APPlICATION STEEL 

MINING AND MILLING MACHINERY-Continued 

Handling Equipment-

Canveyol POlis and Chains. Cal.Ten, Man.Ten and A·R Steel 

See el,e ERECTION AND CONSTRUCTION 
Hoist Cables 

Ouarry and Mine Cars 
Skips and Cages 

OIL INDUSTRY 

1 'Iz% Ni 
Cor-Ten ond Man -Ten 
Co,-Ten, Man-T<!tl and A-R Steel 

Oilwell Dlilling and Pumping Equ ipment-

Bolts S.A.E. 3140-3245-4140 
Crown and TlOvel Block Pins 

Bearings 

Couplings 

Derricks . 

Draw Works Chain

Bushings 

Pins 

Side Bon 

Dlow Works Shafting 

Drill Caliols 

Drill Pipe . 

Jon . 

Kelly BOIS 

Reamer Bodies 

Ream<!r Cutters 

Rods-Polished. 

Pony 

Poll 
Rods Sucker, Sub Rods 

Rotary Cutters . 

Rotary Toble-Geols . 

Shafting 

Slips 

(*) Not standard S.A.E. types. 

SAE. 3115-4615 
SAE. 3115-4615-52100 
SAL 3140-4140 
Sil-T en 

S.A.E.2320 
SAE.2515-3240-AmoloC60 .70C) 
SAE. 3135-4140 
S.A.E.3140-X.3 140-3245-' 414 5 
SAE. 3140-X·3140-4140 
Mn-Mo-Si-Mn-CI 

SAL 3140-4140 
S.A.E.3140-X-3140-4140 
SAE. 3140-4140 
SAE. 3115 
S.A.E. T-1340-413o-U·S·S 18-8 
SAE. T-1340-4130 
SAE. T-I33o-T-1340-4130 
SAE. T-1340-'2310-3135-4615-

4815-3 '11% Ni-Mo (low C) 
SAE. 311 5-4815 
SAE. 2315-2515-3245 
S.A.E. X-3140-3240-4140 
S.A.E. 23 15-3115-4615 
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INDUSTRIAL APPLICATIONS 

APf'UCAfION SUEL 

OIL INDUSTRY-Con lin .... J 
Oilwell Drilling and Pumping Equipment Continued 

Slush Pump Liners S.A.E. 4615- "'4120 

Rod, S.A.E. 3140-4140-4S15-U·S·S 1 S·S 
Swivels and Bearings 

Tool Joints 

Walking Beams. 

PNEUMATIC MACHINERY 

AI! Compressors

Crankshafts-Small 

Lorge. 

Pneumatic T ools

BorlCls 

Bits 

Chucks 

Pistons 

Valves and Va lve Seats 

POWER HOUSE EQUIPMENT 

Auxiliary Equipment

Cool Crusher Jaws 

Flanges 

Pins 

Studs 
Valve Bodies 

Valve Seats 

S.A.E.3312-52100 
S.A.E. 3135-3140-X·3140-4140 
Man-Ten ond Sil-Ten 

S.A.E.3140-4140-6140 
S A.E. 2340-3240-°4145 

S.A.E.2315-4615 
S.A. E. 515D-6150-926o--Amola 

.60 .70 C-S;·M,·Mo (.50/ .60 C) 

S.A.E. 3120-4620 
S.A.E.2345-3140 
S.A.E 3140-6140 

S.A.E 5150-9260 
2 111% N i 

S.A.E. 3140 
S.A.E. 4140-USS 12 
S.A.E. 3140-4140 
S.A.E. 6140-U·SS 12 

High T empeloture Applicotions-

Boiler Stoybolts . 2% Ni (low C) 
p,i me Movers-

Rotors 

Shafts 

Turbine Blodes 

("') Not stondord S.A.E. types. 

S.A.E. 2335-3 140-4130-
Cr-N i-Mo .35 C 

S.A.E. 2340-3140-4140 
S.A.E. °2512-U·S·S 12-

U·S·S 12 with .50 Mo 

U9 



CARNEGIE -I LLINOI S STEEL C ORPORATION 

APPUCA TION 

RAILWAY APPLICATIONS 

Locomotive Ports
Boiler Plate 
Boi ler Tubes 
Engine Bolts 
Main Axles 
Main Rods 
Pins 
Piston Rods 
Roller Bearing Parts 
Side Rods 
Springs 
Staybolts . 

Passenger Equipment-

STEEL 

2 1/.% Ni (low C) 
2 V~% Ni (low C) 
SAE. 2115-3120 
C·Va-'2 J/.% Ni-Mn·Va 
C-Va-2l,·~% Ni (.25 C)-Mn-Va 
C-Va-2 3/.% Ni-Mn.Va 
C-Va-2 3.4% Ni (.'25 C)-Mn-Va 
S.A.E. 3312-4615-52100 
C-Va-2 3/.% Ni-Mn-Va 
S.A.E. "'4650-6150-9260 
2 1J.% Ni (low C) 

Car Siding and Shapes U·S·S Cor-Ten and Man.Ten 
Diner Kitchen Equipment USS 18·8 
StreamlineSheathingandShapesUSS Cor-Ten and U-S-S 18-8 
Wheels Amola (.50 C-.40 Mo) 

REFINERY EQUIPMENT 

Bolts-High Temperature 

Cracking Still Tubes . 

Dewoxing Tubes 
Heot Exchanger Tubes 

Pipe Valves and Fittings 
A-High Temperature 

B-Low Temperature . 
Piston Rods and Plungers

High Temperature 

("') Not standard S.A.E. types. 

S.A.E.3140-4140-4340--6140-
U-S-S 12-C.Vo (.35 /. 45 C) 

USS 18-85-5% Cr-Mo-Ti-
5% Cr-Mo-AI-5% Cr-Mo-Cb-
2% Cr.Mo-9% Cr-Mo-5% Cr-Mo 

4/ 6% Cr-Mo-Ti-4 /6% Cr-Mo-Cb 
4/6% C, 
SAE. 2330-3140-4140 
4/ 6% C,·Mo-U-S-S 1 B·B-

U·S'S 12 
SAE. 2315-2 ';'% N;.Mo (.25 C) 

SAE. 615O-U.s.s. 12-U·S·S 1 B·B 

16. 



INDUSTRIAL A"LICATIONS 

APPlKATJON 

REFINERY EQU"MENT-CO"fi"lI.J 
Pressure V e ssels

High Temperature 

Low Temperature 

linings 

Staybalts 

SMALL TOOLS 

Ch ise ls 

Hammen 

Hatchets and AlC es 

Molls and Track Hammen 

Pliers . 

Screw Drivers 

Shove ls 

Wrenches 

STEEL 

S.A.E. 6125-C-Mo (.50/ 1.00% Mo) 
S.A.E. 2320-2 'h% N; (.25 C) 
U·S·S 12 
S.A.E. 3140-4140 

S.A.E . 61So-7260-9260-Amala 

(.60 / .70 C)-C-Vo (.90 C)-S;-Mo
Mo ('50/ .60 C)-S;·Mo·Mo-V 
(.50 / .60 C) 

S.A.E. 5150-6150-C-C, (.70 / .80 C) 
-C-Vo (.90 C)-Amolo (.60 / .70 C) 

C-C, (.70/ .80) C-C-Mo ( .70 / .80 C) 
-C-Vo (.90 C) 

S.A.E. 926D-S;-Mo·Mo(.50/ .6O% C) 
S.A.E. 4150-4615-6140-6150-

C-C, (.70/.80 C) 
S.A.E. ' 4650-6150-C-Vo (.90 C)

Amolo (.60 /. 70 C) 
S.A.E. 314O-C-Mo (.70 Mo) 
S.A.E. 4140-4150-6140-6150-

C·Va (.90 C) 

TRACTORS AND FARM IM'LEMENTS 

Traclors-

Arms 
A)(les 

Bearings 

Coil Springs 

Gears 

Knuckles 

Leaf Springs 
C*) N ot standard S.A.E. types. 

S.A.E. 3140-4140 
S.A.E. 3140-4140 
S.A.E. 4615-52100 
S.A.E. 9260 
S.A.E. 2345-3115-4115-4615 
S.A.E. 3140-4140 
S.A.E. 9260 
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PHYSICAL PROPERTIES 

CARBURIZING GRADES OF 

U·S·S CARILLOY ALLOY STEELS 

DOUBLE QUENCHED 

Eoch of the following sets of chorts shows the average physicol properties of 

th e cote of one corburi1.ing grade in four different conditions of heot treatment. 

In all cases, specimens 1 r in diameter were heated in iron chips ot Q 

temperoture of 1650° to 1680° F. for eight hours. One set was direct 

quenched from the pol in oil , the other three sets were box cooled and then 

reheated to 1425° F., 1475° F. and 15250 F. respectiyely and quenched in oil. 
All test pieces were drown at 300° f . and then machined into standord .50S · 

tensile test specimens and standard hod impact specimens. As on example, 

the COle properties of S.A .E. 331'2 , bOl( cooled and reheated to 1475° F., ore 

as follows: 

Yield strength 155,000 Ibs. ' sq . in. 

Tensile strength 180,000 Ibs. sq. in. 

Elongation 20% 

Reduction 01 Area 61 % 
Izod impact 47 It. Ibs. 

read on the lelt scole 

read on the left scale 

read on the ri ght scale 

lead on the right scale 
read on the right scale 

It is emphasized that the values shown in the charts ore avelOge values and 

do not apply as minimum values lor specifications, but are to represent genera l 

overages which may be expected in the sites given. 

(. ) Glades so indicated are not standard S.A .E. types. 
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PHYSICAL PROPERTIES 

CARBURIZING GRADES OF 
U·S·S CARILLOY ALLOY STEELS 

SINGLE QUENCHED 

The following chart is a summary of the physicol properties of corbulizing 

grades. All of the values Ole for 1 · specimens, "pseudo·corbulized" (i.e. , 

heated in iron chips) 01 temperotures between 1650° F. and 1700° F. and 

direct quenched in oil. All were drown at 300° F. The physico I tests were 

conducted on standard .505· tensile lest specimens and standord hod impact 

specimens. As on e~omple, the physicol properties of S.A.E. 4620 are as 

follows: 

Yield strength 

Tensile strength 

Elongotion 

90,000 Ibs./sq, in. reod the lower solid column 

on the lower left-hond scale. 

115 ,000Ib5. sq. in. read the lower blank column 
on the lower left-hand scole. 

20% leod the upper solid column 

on the upper light-hand scole. 

Reduction of oleo 61 % read the upper blank column 

on the upper right-hand scale. 

read the number above the 

column. 

h od impact 64 It. / lb" 

It is emphasized thot the values shown in the chart are overage values and 

do nol apply as minimum values for specifications but are to represent general 

overages which may be expe<:led in the sizes given. 

(.) Glades so indicated are not standard S.A .E. types. 

,69 



r 

CARNEGIE-ILLINOIS STEEL CORPORATIOH 

CORE PROPERTIES Of USSe LlOY CAR8UJUZING STEELS 

i , 
1 

~. 

1 

170 

PwvcIo-C04. 16»-11OO" 
0-. 0..-10 .. 0.1 

0.._ lOO" f 



PHYSICAL PROPERTIES 

OIL AND WATER HARDENING 
GRADES OF 

U·S·S CARILLOY ALLOY STEELS 

The following chorts show physico I PlOperlies when quenched and drawn 

01 the temperatures indicated on the lower horizontal scole. Additional 

information which can be reod from the cholls ore the crilical temperatures, 

the Brinell hardness and the physico I properties in the os· roiled, normalized 

and annealed condition. These dolo apply to 1 ~ round specimens for the 

S.A .E. grades quenched in oil or water as ind ica ted and then drawn and 

machined to .505- standard tensile test specimens. 

As on e)(omple, the physicol properties of S.A.E. 4130 quenched in oil 

from 16000 F. and drown at 1000° F. ore: 

Yield shenglh 1 32,000 Ib" 
Tensile shength 150,000Ib" 
Elongation 16% 
Reduction of Area 53% 
Brinell hardness 321 

sq . in. 

sq. in. 

read left-hand scale 

read left-hand scale 

read right-hand scale 

read right-hand scale 

read number on tap on 

10000 F.line 

The properties in the annealed condi tion are os fallows: 

Yield strength 40,000 Ibs. sq. in. read on left-hand scale 

Tensi le strength 75 ,000Ibs. sq. in. read on left-hand scole 

Elongation 33% 

Reduction of Area 61 % 
Brinell hardness 156 

read on right-hand scole 

read on right-hand scale 

read number on top on 

10000 F. line 

It is emphosiled that the values shown in the charts are overage val ues ond 

do not apply as mi nimum values for specifications but are to represent general 

overages which may be eKpected. 

(*) Grades so indicated ale not standard S.A .E. types. 
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MACHINABILITY OF ALLOY STEELS 

Machinability refers to those properties of a material whic h make it ome

noble to machining operations. Good machinability is generally associated 

with long laerlife 01 high cutting speeds and with eose in obtaining smoothly 

fin ished surfaces. Occasionally it 0150 connotes low powe r consumption or 

low pressure on the 1001 face. 

The general tendency toward the use of steels of higher strength and 

toughness for various types of moss production parts hos been ottended by on 

increased emphosis on machinability. Many of the chorocteristics of such 

steels which ole desirable flom the standpoint of good machine design and 

service are definitely opposed , unfortunotely , to good machining properties. 

Thus, too great hardness interferes with machining, and high ductility, even 

though accompanied with great softness is also detrimental (particularly in 

regard to the smoothness of the machined surface). For this reason many steels, 

especially those low in corban, are relatively difficult to machine when 

annealed to the lowest values of hardness. The ideal machining condition 

is a law hardness coupled with a tendency toward brittleness. To some extent 

this can be approached by inducing a coolSe-grained structure either by 

finishing the steel hot in forging or ratting or by annealing or normalizing 

from a high temperature. However, it is sometimes not possible to obtain 

as smooth a finished surface with a coarse-grained structure as with a moder

ately fine-grained structure. 

The presence of well-distributed, non-abrasive inclusions, such as sulphides, 

is on aid toward both taollile and sUlface finish. Probably each cavity con

taining a sulphide inclusion behaves as a minute notch , since the reinforce

ment due to the soft inclusion is practically nil. Because of these highly 

localized stress concentrations just ahead of the cutting edge of the tool , the 

chip comes away readily and the material behoves, at least with respect to 

the cutting tool , as if il were brittle. M oreover, the sulphide particles may 

possibly be smeared out and tend to oct as a highly efficient lubricant which 

reduces the abrasion on the tool and aids in producing a smooth finish . Cold 

drawing likewise has the effect of decreasing the ductility of the steel and 

thereby benefits the machinabi lity. 

In many instances, surface finish is of primary importance. In fact, the useful 
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life of 0 tool may be regarded as being over as soon as any roughness 
become~ apporent , even though the tool could continue to function lor a much 

longer period of time before aeluol breakdown would occur. Where surface 

requirements are very strict it is necessary to control the microstruelure very 

closely. This is accomplished by appropriate heat treatments which usually 

involve annealing or normalizing producing such struelures as are necessary 

for the different cutting operations. The types of structures and the heat 

treatments which ore designed to produce them con be roughly divided into 

three classifications , according to the corban content. These several classi

fications will range in cOlbon content as follows: .10/ .25% , .30/. 55% and 

,90/ 1.10%. It must be emphasized thot the proper heat heating cycles 

depend upon mony factors which are peculiar to the particular machining 

operations, the type and size of the port being fabricated, the anolysis of the 

steel ond the type and availabi lity of the heat treating and fabricating 

equipment in the plant. 

In removing a chip with a cufling 1001 , several mechanical factors come into 
ploy, among which one of the most prominent is the ability of the chip to slide 

over the face 01 the tool. In cutting , if the coefficient af frielion between the 
chip and the tool face were zero, every particle on the inner face of the chip 

would execute a sharp turn at the tool face and slide off. On the other hand , 

if the coefficient of friction were extremely large a considerable portion of the 

inner surface of the chip would be unable to sl ide off the tool face and would 
remain 05 a stagnant layer of metal. When observed in practice, this is 

commonly coiled a "built-up edge." Occasionally when a tool is removed 
from the cut, the stagnant layer of metal is found to be welded to the tip of 

the 1001. While the "built-up edge" protects the cutting edge of the tool to 
some extent , it forms at best a very imperfect substitute for a sharp-edged 

cutting tool and Ihe surface finish suffers cOlfespondingly. This is particularly 

true when cutting the softer and more plaslic metals which press into the 
irregularities on the 1001 face surface under extreme pressures and therefore 

exhibi t a high coefficient of frielion or a tendency toward seizing. A stagnant 

layer of metal is built up until the angle presented to the remainder of the 

chip is sufficiently great to reduce the normal component of pressure so that 

the chip can slide off, Frequently an increase in rake angles will accomplish 

the same effect and give a much smoother surface. However, there is a limit 

10 the extent to which IOke angles can be increased. With extreme rake 
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angles there is a tendency for the tool to dig. This moy couse chatter and 

because of the decreased volume of metal adjacent to the cutting edge , will 
diminish the strength of the tool and the capacity to withdraw heat from the 
cutting edge. The application of eKtreme pressure lubricants and the plOctice 

of honing , or chromium plating the tool face , helps to reduce the coefficient 

of friction by providing a smoother sliding surface. By these means there is a 

decrease in the size of the stagnant layer and a corresponding improvement 

in cutting conditions. 

Difficulties in machining are often encountered when the microstructure of 
the steel consists in part 01 massive groins of feHite. The soft plastic feHite 

slides off the tool with difficulty and the steel drags in cutting. Generally, 
therefore, the low-carbon steels are normalized to induce sufficient hardness 

to prevent dragging. 

Figs. 42 , 43 and 44, respectively, show the microstructures associated with 

good machinability in .10/ .25%; .30/.55% and .90 / 1.10% corban steels 
os clossified above; Fig. 44 shows spheroidization . 

Any analysis of machinability should take due account of overall economy 

in manufacture. The extent to which heat-treatment for improved machin

ability should be employed is mainly a question of economy. The criterion 

is that the extra cost of heat.treatment should not exceed the savings resulting 

from longer tool life, increased cutting speeds, and a smaller per cent of 

spoilage. In addition there may be a sufficient improvement in the surface fin

ish to waHant at leost 0 port of the extra cost. In the selection of steels, the 

econamv of machining should be considered along with the cost of the steel. 

The actual success and economy with which a steel may be machined 

depends not only on its inherent machining characteristics, but also on the 

manner in which the operotions are performed and the equipment employed. 

Such faciors os tool shope, rigidity , manner of supporting the part and the 

type ond manner of application of cutting compounds ore recognized as being 

of fundamental importance frequently . Difficulties, particularly in machining 

new and unfamiliar steels, can be overcome by proper adjustment of these 

factors without resorting to expensive heat treotments or highly restrictive 

specifications. 
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PYROMETRY AND PYROMETERS 

In all the processes of steel-making and sleel-heating , the results depend 

upon the precise temperotures employed. This is particu larly true of the 

heal-tlea ting processes. Accurate and dependable apparatus fo r controlling 

and therefore for measuring the temperature of steel is one of the essential 

types of equipment in the modern plont. 

THERMO.ELECTRIC PYROMETRY 

Most temperalures around the steel-works are measured with the thermo

electric p yrometer_ This consists of three porls: (1) thermocouple , (2) exten

sion leads, (3) apparatus lor measuring the electromotive !olCe of the thermo

couple. 

The thermocouple. Toke two pieces of wire , A a nd B, of different composi

tion; weld one end of A to one end of B, and the other end of A to the other 

end of B, so that a continuous piece of wire is produced . This piece of wire 

is a thermocouple. 

Note pOiticularly that the piece of wire is a complete electric circuit. It 
is known thai at Ihe weld or junction between two dissimilar metal wires in 

such a circuit on electromotive force is generated. If both junctions are at 

the some temperature , the e.m.f.'s will be equal and opposite, and no curren t 

wi ll flow in the wi re. But make one junction hotter than the other, and there 

is a net e.m.f. which is capable of causing a current to flow around the circuit. 

II one junction, which we moy call the "cold junction" or, better, the "refer

ence junction," is held at a constant temperature, it is evident thot the e.m.f. 

in the circuit can be used as a measure of the temperature of the other junction, 

the "hot junction." 

The meter. The simplest method of measuring the e.m.f. is to cut the thermo

couple,-anywhele,-ond insert a cunent-measuring device such as on am

meter or a millivoltmeter (which is essentially 0 current-measurer). The 

indications will then depend upon the difference in temperature as between 

the two junctions, and , unfortunately, also upon the tolol electricol'esistance 

in the circuit, including both thermocouple and meter, in accordance with 

Ohm's Low. Because the reading does depend upon the resistance, and also 

because of cerlain deficiencies of moving-coil instruments under the severe 
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conditions met with in a steel plant , the mi llivoltmeter type of instrument 

has been replaced in many installations by the potentiometel. 

The Poten tiometer, in its fundamental form , balances a known and measured 

e.mJ. against the unknown e.mJ. in the thermocouple circuit , and its readings 

are consequently independent of resistance . Originally used as a hond

operated indicator only, the potentiometer has been mode completely oulo

matic in operation , and a number of types of the instrument are now available . 

Extension leads. We have been assuming that the thermocouple was cut 

at some point in order to insert the millivoltmeter or the potentiometer. 

Suppose the measurement is wanted at a place some distance away. A pair 

of copper wires leading off to the panel board where the instrument is placed 

would serve the purpose if Ihe reference junction were actually at a constant 

temperature_ But the prevailing custom is to let the reference junction shift 

for itself, risi ng and falling in summer and winter, while its variations are 

compensated for by some device in the millivoltmeter or the potentiometer. 

Th is means thot the reference junction must be placed at the instrument. Now 

some thermocouple materials copable of withstanding high temperature , such 

as platinum, are too ex:pensive to be used in lengths of hundreds of feet in 

order to reach a distant instru ment. This difficulty is taken care of by extension 

feads, consisting of a pair af wires of relatively inex:pensive alloys which have 

approx:imotely the 5ame curve of e.m.f. against temperature (referred to 

some average air temperature for the reference junction) as the thermocouple 

itself. The thermocouple moy now be cut open a t the reference junction, the 

pa ir of extension leads in serted in the proper direction , and the reference 

junction is thereby transfeffed effectively to the far end of the ex:tension 

leads where the meter is to be inserted. 

Compensation for temperature change at the instrument must now be pro

vided. In the mil l ivoltmeter type a spring can be used whose elasticity 

changes with temperature in such a way a5 to balance the effect of the change 

in e.m.f. produced by the change in temperature of the reference junction. In 

the potentiometer, the compensation is electrical insteod of mechanical ; a 

resistance coi l is inserted in the potentiometer circuit , of the proper material 

and resistance 50 that as it worms or cools , its effect on the balancing e.m.f. 

is just equal and opposite to the chonge in e.m.f. produced by the change 

in cold-junction temperature. 

The foregoing picture of the thermocouple as a complete circuit has been 
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adapted here in place of the customary picture of a pair of wires with free 

ends, with the de liberate purpose of emphosizing that no thermocouple can 

function without at leost two junctions , one of which is just as impartont as 

the other. 
The choice of instrument depends upon local conditions. The pri ncipal 

odvantages of the millivoltmete r are low cost and small bulk ; in most other re

spects, including accuracy ond dependabil ity, the potent iometer is preferable. 
Thermocouple Mater;ail. Three types of thermocouples are in cUllent use; 

(1) iron-constantan , (2) Chrom el-Alumel, (3) platinum-rhodium-plati num (in 

each case the wire which is positive at the colder junction is named fint in the 

pa ir). The iron-constonton couple is used up to temperatures where the iron 

wire oxidizes away. Chramel-Alumel can be used to about 1900" F. but 

oxidizes away too rapidly at higher tem peratures. The platinum combina

tion can be used ot all tempera tures up to some 3000° F. (depending upon 

environment) and is the only one available at temperatures above 2000Q F. 

All Chromel and Alumel wire used in the United Stales is made by one 

company and is mode to exact specifications with respect to thermal e.m.1. 

The e.m.f.-temperature curve of the Chromel-Alumel couple has been stand

ardized by the National Bureau of Stondards, and all of the eight or ten in

strument makers who furnish steel-plant pYlometers now use the some e.m.f. 

curve. 
The platinum-rhodium-platinum thermocouple is mode in two types. Both 

use pure plotinum as one wire, while the alloy wire contains either 10% 

rhodium to 90% platinum, or 13% rhodium to 87% platinum. Stondord 

curves for both of these thermocouples have been determined by the Bureau 

01 Standards and are now in general use. 

Consta ntan is made in several compositions by different manufacturers . 

The iron of the iron-constantan couple is not the pure metal , but is a low

metalloid steel or "i ngot iron." It likewise com es from several different 

sources. The iron-constanton couple has the refore not been standardized as 

to composition or e.mJ.-temperature curve. 

OPTICAL PYROMETRY 

Although much less used than the thermo-electric pyrometer, the opticol 

pyrometer is essential for steel-making tempera tures such as tapping and 

pouring temperatures . To the physicist, the optical pyrometer is a pho-
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tometer , on instrument for measuring the brightness of a source of light. The 

brightness of a hot surface however is not alone dependent upon its temper

ature but also upon its emiuivity, and the optical pyrometer consequently 

can not read temperature directly , eKcept in the single instance of thesa-called 

"block body ," best exemplified by a furnace so uniformly heated in the 

interior that no details can be seen by observation through the door. On all 

other objects the optical pyrometer reads a brightness tempera ture which 

must be interpreted by a knowledge of the emissivity. The brightness temper

ature of the flat surface of a reproducible material , such as low-carbon steel , 

fortunately , does bear a liKed relation to its hue temperature , and the optical 

pyrometer is therefore a reliable instrument for the reproduction of heating, 

rolling , welding and finishing temperatures. It is capable of very high 

precision , especially a t the highest temperatures. 

RADIATION PYROMETRY 

The total radiation pyrometer measures energy rather than brightness. It 
absorbs all of the energy radiated hom a certain area of a hot surface, both 

the yisible radiation, and the heal radiation which at steel-making temper

a tures canstitutes the greater part of the energy_ like the optical brightness 

of the surface, its energy radiation is not solely dependent on its temperature , 

as can easily be observed by holding the hand near a block surface and a 

polished reflecting surface at the same temperature. The polished surface has 

a much lower emissivity and feels co rrespondingly cooler, if not touched. 

While the emissivi ty for total radiation of a sheet of steel coated wi th a thin 

adherent film of block oxide is less than the emissivity of a true block body, 

it is neyertheless reasonably constant. This fact is bringing the total radiation 

pyrometer into increasing use for the measurement of surface temperatures 

of sheets, bars, roils and similar products, from the first pass of the mill down 

to the cooling beds. 

PHOTO-ELECTRIC PYROMETRY 

PYlOmeters utilizing the photo-electric (i ncluding the Photronic) cell 0$ an 

impersonal eye to replace the optical pyrometer are in course of deyelop

ment, and hoye been coming into use in the steel plant, particu larly for the 

control of roof temperatures in the open-hearth furnace and for the measure

ment of the brightness temperature of steel surfaces. 
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PYROMETER CALIBRATION AND 
MAINTENANCE 

Thermocouples, pyrometer lamps, potentiometers and similar physical appa

ratus are always subject to deterioration , particularly under the severe condi 

tions of dust , high temperature and vibration which are unavoidable in many 
plants. An essential feature of the pyramelric equipment of the up-to-dote 

plant is therefore its pyrametric laboratory for calibration and maintenance 

af the instruments. The plant with heavy demands upon its pyrometric equip

ment cannot afford the "equent interruptions incident 10 sending pyrameters 

to a central calibrating stotion , such as the Bureou of Standards, nor can il 

offord the risk of spoilage incident to neglecting its pyromehic equipment 

for weeks at a time. The larger plants make up their own thermocouples 

from tested stocks of wire; calibrote the couples either by comparison with 

standords or by measuring the freezing points of standard samples of metals, 

such os tin , zinc , and copper; check the accuracy of recorders, conhallers, 

standard celis, millivollmeters, and milliammeters by means of portable testing 

sets; check optical pyramelers at frequent intervals against a stondard source 

of brightness; and check totol . radiation pyramelers by simultaneous readings 

on the some surface with a calibrated optical pyrometer . For small plonts 

that cannot offord their awn pyromehic loborotory, pyromelric colibrating 

and maintenance services are available in the larger industrial centers. 

GENERAL CONSIDERATIONS 

II must always be kept in mind thai 0 thermocouple measures the temper
ature of its own hot junction, and on optical , photo-ele<:tric or total-radialian 

pyrometer measures the overage apparent surface temperature of the objects 
seen by the instrument. For example, a thermocouple may be inserted into a 

flue with the hope that it will measure the temperature of the gas passing by. 
What it actually does is to shive for on equilibrium between heat supplied by 
the gas, heal conducted away along the wires, and heat radiated to Of from 

the colder ar hotter walls, and the resulting temperature 01 the hot junction is 
seldom the temperature 01 the gas . In heat-treating operations, it is not suffi
cien! thai the hot junction of the thermocouple is merely inside the furnace; it 

should be as near as possible to the piece of steel being treoted. A study of 
the environment, and the exercise of good judgment in placing the pyrometer, 
ole jus! as important as the properseleciion and maintenance of the instruments. 
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These spe<:ilicotioM ore published os g mer tter erf generol inferrmoliern only. It will be noted Ihert 
cer toin of the spe<:ificerlierns cerillor chemicollimits more reitriclive thon permitted by the Monu
loclurer's Siondord p,oeliee. U\.ClR should fomiliorile themiClves with Mernufoc\ure,'s Stondord 
Requi rements ernd should cOMult p<iee eerrds belore orde,i"g sleel. 

STEEL SPECIFICATIONS IN COMMON USE 
CARBON STEELS 

T,~ Number ,,, ... ..... - ..... Sui . Sil""" 1 C.rHli.m ,.'" Ma • . ",C 
---

GM 'I'" IOmn· 25 5' ().l:. , ., M 

SAE {GM: 1010 05 . IS .30- ,60 .045 .055 
,d l __ ~ , 

GM RIOll I;· l 55 ~. 

,d Il!: 'Y 
f d , , 

'" SAE(GM 1015 10 ,20 .30 60 045 .055 
G. RIOI' 10 10· 25 " "5 0\5 
SAE (GM, XIOIS . 10 20 70 I 00 045 055 
Chly$ M ,.., 

"" 
., 

G. VIOlS I. . 60 045 •• lOma. CO, MS. .. 0<5 IS l<l , 
GM Z1015·A " " 3C 50 045 055 30 ma~ 
FOld G.; , '1 h 
SAE (GM, 1020 IS- 25 .30 60 045 0\5 
Chf)'slel M S 211 I: • To 
SAE ~GM, XI020 15- 15 .701.00 045 0" 
GM Rlf.lO Ie 25· 2~ ~~ 045 ",. 
Ctl/ysler "'.5. &5 " " ,., 

1\ ., 
SAE tGM. 1025 .20- . ., .30- .60 ,045 .. 5 
GM Rim 10 30' 15 15 015 055 
SAE{GM, XI025 20- .30 .70 I 00 045 015 
ford 

M.S. 8' i6 
T 

Chryslel .. IS 30 
SAE (GM 1030 25- 35 .60- 90 045 ... 

). i5 Ford 
M.S. 411 Chrysler ·f 50 04 01- 15 

, 'd T . h 
SAE (GM 1035 30· 40 ,60- .90 045 055 
Chl~slel M.S. 467 Jl 40 " 80 045 05 IS 30 
SAE (GM 1040 35- 45 60 90 045 ... , ]" :5 
SAE IGM XI040 35- 45 4{).. 70 045 055 
Chrysltf M.S.lJ\ • 4' 

~- ~ 
04\ " IS ., 

SAE{GM 1045 40- 50 045 055 
SAE (GMI XI045 40- 50 40- 70 045 015 
GM YI045 40 50 40 60 045 055 
F()ld lE, '. sO .6 

.. f G,G Ij/ " Chrysler M.S. 434 4. ;0 045 05 I>' 30 
SAE iGM 1050 45. 55 60- .90 045 055 
SAE XIOSO 45 15 40 70 045 055 

• o. 



SPECIFICATION TABLES 

These specificatiaM are published as a mailer of geroeral information orol.,.. It will be rooted that 
certo'ro of the speciFicatioros call For chemical limits mare restrictive thoro permitted by the M arou. 
facturer's Starodard Practice. Users should familiari l e themselves with Manufacturer's Standard 
Requirements and should corosult price cards before ordering steel. 

CARBON STEELS (Con';nued) 

Type Humber C&rbon MUI&nae ,"'- SuI. Silic.n Chromium Nioht Mu. M ... 
---

SAE {GM) 1055 .50-- .60 .60- .90 040 055 
SAE (GM ) XI055 .50-- .60 .90-1 20 040 055 
SAE{GM 1060 .55- .70 60- .90 040 055 
GM Xl O6O " 10 35 65 045 045 12 10 
GM Yl O6O 5' 7C 90 I 20 0" '" lO mu. 
SAE (GM ) 1065 .60- .75 60- 90 040 055 
SAE (GM) XI065 .60- .75 .90-1.20 040 .055 
GM Yl065 61 10 60 ~ 015 015 
F< , S .. " h "Ii 
SAE (GM .. 1070 .65- .80 60- .90 040 .055 
F, , • 1 b :'i 10 mJ~ Nun!! 
SA[ 1075 ,70- .85 .60- .90 040 055 
fo'1 '0 '0 ,. 

" II; ',) 

SAE (GM 1080 .15- .90 .60- .90 040 055 
GM 108l 75 90 15 50 0>5 045 10 max. 
SAE (GM I 1085 .so- 95 60- .90 040 055 
SAE (GM 1090 85-1 00 60- .90 040 055 
SAE (GM 1095 .90 1 05 25- .50 040 055 
. <. RR , 1 0 l' 10 mJl Non .. 
F <. RR' I 20 I .0 '0 1\ ,. 
GM 1107 12 max. 30 60 11 01 
GM '1'1110 05 15 30 60 OS 11 055 

FREE.CUTTING STEELS 

<,~ NumlHir Clo,bon Mlnp • • H PIHI •. Sulph"' S,I,,;:o. Mu. Mu. 

GM 1110 08 15 60 90 060 075 15 
Chrysler M,S, 200 08 " 60 " 09 1l 10 10 
SAE (GM) 1112 08 " ,60- .90 .09-- .13 .10 -, 20 
fo,d No, I Bess 1 ., J! "' 1 
Chrysler M.S 760 10 mar 50 " 08 11 10 30 
SAE (GM ) XII12 08 " .60- .90 ,09- 13 .20 -.30 
GM '1' 1112 08 " 60 90 09 13 11 
F F -- I' .0 )4 '" 1\ IC 20 
SAE (GM) 1115 10 20 .70 I 00 .045 .075-, 15 
Fo,d FF 1- -.) I< 1,) I- I • SAE (GM) 1120 15 15 .60- .90 .045 .075-, 15 
Chrysler M,S.201 15 15 60 " 06 015 15 
GM 1135 JO 40 70 I 00 045 015 15 
FOld m )4 F 'J , II; I~ Ie 0 
Chrysler M,S.238 20 mar 90 1 40 04 20 28 
Chrysler M S 738 10- 20 I 00 1 30 05 08 13 
SAE (GM; XI314 10-. 20 100-1 30 .045 .075- . 15 
Chrysler M.S. 212 10 10 I 30 1 60 045 075· IS 
SAE (GM) XI315 .10- .20 I 30-1 60 04S 075- 15 
Chrysler M,S.540 10 30 I 25 1 55 0\ 08 13 
.. .. -A Roft". . F' .... po.nl .. ,bon 'Ult 01 02 "ndet &nd OJ o •• , .. n bl oO(:",od.r !tK .... '1 0" ~u eM aUoylleel1 and Oft C,~ .. ' 

bon st .. " Wllh Ins Ihln 60 .. ,bon Thll 5 ,.. ,nl .. ,boo 'a"it II lpec'fied by add'nt an '·A" ."lIi o I. lht .pec,IicoI,!)ft n"mlHi, 
N I<h l .... CA,,,,,,/uno C~ sl .. , ... h'ch do nol $pte,I, ",c~.' gf ch,om,"m m&y lit !freeled ,I IhUi .I-mo. " o~ rh. r. Uo ... ,., 

,,",,,, N 'c~.I .30 Chfom,U'" 20 

1 
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Thew spedficotions ore published os 0 motter of gene,ol informotion onty. It will be noted thot 
certoin of the s~ificotions coli for chemicollimits mOre restrictive thon permItted by the Monu
focturer's Stondard Proctice. Usel1 should fomiliorize themselves with Monuloctu,e,'s Stondo,d 
Requi'ement$ ond should consult price cordi before ordering steel. 

FREE-CUTTING $ TEE L $- Continued 

Type Numb., c",bGn M.npnen 
, .... S"I~h~r S,lIcon Mu. Mil. 

SAE (GM) XI130 25 35 I 35 1 65 045 075-. 15 
SAE I GM) X1335 30- ,(0 I 35~1 65 04, 075- 15 
SAE {GM) XI340 35 .(5 I 35-1 65 1>" 075-. 15 

MANGANESE STEELS 
--

GM X1322 18 16 1 20-1 50 1l<O 0\0 
Clur{e, M S 108 22 27 IWISO 04 '" 01- JJ 
SA · T ~GM) TilJlJ 2>' 35 160-1.90 Il4Il "'" SAE-T ,GM) TillS .30- 40 160 1. 90 Il4Il .0\0 
Cllrysler M.S. 258 30 40 1 00 I 30 04 045 15 30 
CIIT te, M S 308 30 40 1601'lO OSS OS 15 30 
SA " lGO) T1340 .35- 45 I 60 1.90 .1l41l OSIl 
SAE-T GM) TJ345 .40- 50 I 60 1.90 041l OSIl 
SAE·T(GM) TJ350 .4>. 55 I 60 1.90 Il4Il 1150 
GM 1355 5060 1 60-1 90 Il4Il 0\0 

NICKEL STEELS ' 

T,~ N"",t., Co, ... Mupn_ -. S.tphu, S<licoII Nic~tI 
~ .. ~ .. . 

SAE . GM} 2015 III 20 .30 60 Il4Il "'" 40- .60 
SA' 2115 III 20 30- 60 Il4Il .050 1 2>'1 75 
SAE (GM) 23 15 .10-- .20 .30--.60 .1l41l .050 3 25-3 75 
SAE (GM ) 2320 .1>' 25 30- 60 Il4Il 050 325-3 75 
SAE (GM) 2331l 25- 35 50 SO .1l41l . 050 3 25-3 75 
SA' 2335 30 40 .50- 80 .1l41l .050 3 25-3 75 
SA' 2341l .35- 45 .60- .90 .1l41l .1l50 3 25-3 75 
SAE (GM) 2345 .40- .50 60-90 .1l41l 1150 3 25-3 75 
SA' 2350 .45- 55 60- 90 Il4Il 050 3 25-3 75 
SAE (GM) 2515 III 20 30 60 .1l41l .050 475-5.25 
Ch,ySIe, M.S_ 307 12 II 60 04 04 15 30 US 5 25 
Chrysltr M.S. 815 I, J1 '1 " .25 02 15 30 U5 5 25 

NICKEL CHROMIUM STEELS ' 

,,~ Hambe. Co, ... "'"ftp_ ""'- S". $,11cafI Nickel Cbromium 
Mo.. "' ... 

GM Xl045·A " .. 70 I 00 04' OS, SO SO SO-80 
GM 31ll·A 10 17 30 60 04. OS. 100150 4>._75 
SAE (GM) 3115 .10 20 .lO- 60 .04' 0\0 1 00-1 50 45-.75 
chll sler M.S 158 12 I JO 60 .. 05 15 30 ! 00 I SO 45-- 15 
SA \GM) 3120 .1>' 25 30 60 04. 050 1 00 1 50 45- 75 
SA' 3125 20- 30 SO- 80 04. 050 100150 45-. 75 
SA' 3130 25- 35 SO 80 04. OSO 100150 4>..75 
GM 3130 25 35 60 90 04' ';0 1 00 I 50 4>. 75 
, 

". 



SPECIFICATION TABLES 

These specificatians are published as a matter af general infarmation only. It will be noled thol 
certoin of the specificotions call for chemkol limits more restrictive thon permitted by the Monu
foch"er's Stondord Practice. Users should familiorile Ihem~lves with Manufacturer's Standard 
Requirements and should consult price cords before ordering steel. 

N I C K E L C H ROM I U M S TEE L S '-Conl;nued 

,,~ Number Corbon M .. puse P~s. SuI. SIlicon Nickel Chroouum M ... M ... ---
SA< 3135 .30-. 40 50 SO .040 050 1 00 1 50 45- .75 
Chrysler M.S.J~ 30 40 50 SO 04 045 " 30 1 00 I 50 45 " Chrysler M.S. 471 30 40 50 SO 04 045 15- 30 I 00 I 50 45 " Chrysler M.S. 559 30 40 50 " 04 045 " 30 1 00 I 50 4S- " GM 3135 30-- 40 60 90 040 050 100150 45- 7S 
Chrysler M,S.206 3!l 40 50 '" 04 05 " 30 I 00 I 50 4S- " r 33 43 
SAE(GM) 3140 .35-, 45 .60-. 90 040 .050 I 00--1.50 .45- .75 
SAE(GM) X3140 .35-. 45 .60-. 90 .040 .050 ! 00-1.50 .SO- .90 
SAE(GM) 3145 .40-- .50 SO-. 9O .040 .050 1 00-1. 50 45- .75 
SAE(GM) 3150 ,45- .55 .60-. 90 .040 .050 I 00-1.50 .45- .75 
Chrysler M.5512 42 41 50 80 04 .025 15 30 I 25 I 75 60 90 
SAE{GM) 3215 .10-. 20 .30-. SO 040 050 1 50200 .90-1 25 
SA' 3220 . 15- .25 .30- .60 040 050 I 50-2 00 .90-1 25 
SA< 3230 .25-.35 30-- .60 040 .050 1 50-2 00 .90-1.25 
SAE(GM) 3240 .35-.45 30-. 60 040 050 I 50-2 00 .90--1.25 
GM X3243 38 " 60 90 040 050 150200 70 90 
SA' 3245 .40--.SO ,30-. 60 .040 .050 I 50_2 00 .90-1 25 
SA[ 3250 .45-.55 .30-. 60 .040 .050 i 50-2 00 .90-1.25 
GM X3250 45-. 55 30 60 02S 025 150200 90 I 25 

SA' 3312 .17 max. .30_. 60 .040 .050 32S-J .75 I 25-1.75 
SA< 3325 .20- 30 ,30- 60 .040 .050 3 2S-J.15 I 25-1.75 
SA[ 3335 .30- .40 .30-. 60 .040 .050 3 25-3 75 1.25-1.75 
SA< 3340 .35-.45 .30- 60 .040 .050 325-3 .75 I 25-1.75 

GM X34 1D·A 09- .14 25- 45 025 015 380 4 20 1 40-1 SO 
SA[ 3415 .10- 20 30- 60 .040 .050 2 75-3 25 .60- ,95 
SA[ 3435 .30 40 30- 60 040 050 275-3,25 .60- .95 
SA< 3450 45 " 30- 60 040 050 2 75-3 25 60- .95 

CHROMIUM STEELS ' 

,,~ Number Carbon Mlnilnese Phon. SuI. S,licon Chromium ", ... M ... 

GM 5045·A 43 " 60 90 040 050 30 60 
GM 5115 10 20 SO- .9O 040 050 8(1 1 ID 
r , N , . I' " " SA[ 5120 . 15- .25 .30- .60 .040 050 .60- .90 
I " A, , 
ford AA • I . 

'" AA , , .' I 
GM X5132·A " 36 60-85 030 040 10 20 as I 15 
Chrysler M.S, 221 30 35 " '" 0, 04 \5 ~~ 901 . , AAA , I 

AAA 
.. 

' $111<0" S"[ Ind GM sro:el$ Unlns alhefW'" Sllklfied, .. lIcon rant. 01 III b .. ,c o~n hellih 1110 , 'teels shill be .IS .30. ror 
eI«Hi(; Ind Kid ..... n hearth alloy Sleelsth. S,li_ conlent stllIl k.l5 minimum. 

"A" 1I'0nlll' f, ... PO,nl carbon ronl" 01 ,DZ IInder 1M ()J 0_., un b .... yrtd II n«tsn', On III CM .Iio, It telS and on CM elr
boa ,reel ..... th Iessl~n.60 carbon This 5 po,nl CIOrl>on lin" is spterfied by add,., In .. " .. ",iii , 10 Ihl .pec,fiClOIlOft number 

H!<hl .... CA,o",I~", ·--GM lI .. h ,.h'ch do 1101 specrty nicbl or thronuym ml, be rejected ,I tiltH "'"m"''' e><ttd lilt 10110 .... '"1 
IImnl NN;kel.30 Chrom,um .20 

t9S 



CARNEGIE.ILLINOIS STEEL CORPORATION 

The~ specificotions ore published 0 \ a matte. of general info .malion o nlv . It will be noted thot 
cer to in of the spec;r;ca tion$ co li fo. chemical limits mo.e .e!lrictive thon pe.mitted bv the Manu· 
fac ture. 's Stonda.d P,actice. Users shou ld fo milia ,i l e themselves with Ma nufoct ure r's Standord 
Requirements ond should conw lt p.ice ca .ds befo.e ordering steel. 

CHRO M I U M 5 TEE L 5 1-Continued 

"~ Nu mber C.,bon Mal .... e Phos. Su I. S,lieon I Ch' omium Mu. M ... 

fOld MAli " 6' ) 10 .)4,: 10 " I I' 
SAE(GM I S140 35- .45 .60-.90 040 050 80 I 10 
fOld AAAAl 4, • Au 10 10 ..v I I, 
GM ~ !4: 40 50 60 '" \)\0 0;0 80 1 10 
FOld AAAA " " - - \)\0 \0 10 S5 ! Ie 
GM ms 45 51 15 95 030 OJO 0) 20 I 00 1 20 
Fqd j- '0 ill 04C 10 " I or 1 
SAE(GM ) 5150 45 .55 60- ,90 040 050 80 I 10 
c~ y5"1 M 4 ., 

.' 04 
" 

15 30 I 
fOld AAAAA 4i ? )1 ,,10 )40 10 " )~ 1 I. 
Feld DO " -- " " dO \)\0 \0 10 I 00 I 20 
GM 520% ,90 1 00 20 50 030 OJ5 95 1 25 
SAErGM, 52100 .95 I 10 20- 50 OJO OJ5 1 20 1 50 
ford 8 95 1 O:i ill ,,0 O4lj 

,-," JO " FOld 88 95 1 05 '0 'lD 0-10 10 30 90 I Il 
Ch· , ,~, r M,S. ,5 '15 ! )~ 0 "15 "5 15 30 10 1 Ie 

orl _: I 
ford 888 951 05 30 40 030 \)\0 20 30 1 25 1 SI. 
GM mos I 00 1 10 20 50 O~~ 035 I JS I 65 
Ford Magnet '? 10 " 040 :I " 725 2 60 

C H R Y S L ERe 0 R P 0 R A TI 0 N .J.l.MaDlI& S T EELS 

,,~ Numb-tr ~,bon Man p ne" Phos. SuI. SlIi(On M<>iyb. 
Mu. M ... denum 

[led/it furnace M,S.244 65 lO lO 90 04 04 10 30 J5 " Open Hearfh M.S. 24) 65 lO 10 90 04 04 10 30 15 15 
[Iettric rUrnace M.S, 246 60 65 10 90 04 \)\ 20 30 15 15 
o~en Hearth M.S. 247 60 65 10 90 04 04 20 30 15 15 
E ethic Furnact! M.S. 248 55 60 10- 90 04 04 10 30 15 25 
O~en Health M,S.24) 55 60 10- 90 04 04 20- 30 15- 25 
E ec1ric furnace M.S. 260 50 55 70· 90 04 04 20- 30 15- 25 
Open Hearfh M.S. 261 50 55 70 90 04 01 20 3l 15 25 
EIe1:tric Furnace M.S. 262 45 50 70 90 04 \)\ 20 " 15 25 
Open Hearth M.S. 263 45- 50 70- 90 04 04 20 JO 15- 25 
Dec1ric rUlnace M.S, 266 40 45 70- 90 04 04 20 30 15 25 
Open Hearth M.S. 267 40 45 70 90 04 04 20 JO IS· 25 
[le1:fric Furnace M.S. 268 35 40 70 90 04 04 20 JO 15 25 
Open Hearfh M.S. 269 35 40 70 90 04 04 20 JO IS· 25 
Eletfric Furnace M,S.270 JO 35 711- 90 04 04 20 JO 15 25 
Open Hearth M,S.21 1 30 35 70 90 04 04 20 30 15 25 
[Iettlit Furnace M.S. 276 25 30 " 90 04 04 20 30 15 25 
Open Hearth M.S. 217 25 30 70· 90 04 04 20 30 15 15 
[Ietlric FUrnact! M.S. 290 20 15 )0 90 04 04 20 30 15 15 
Open Hearth M.S. 291 20 15 70-.90 04 04 20 30 15- .25 

.. I s,r,cc>~ SA£ Ind G.., , reels U~len otherwIse IPf(IIied. !thcon fins, oj III baSIC open hearth Ifloy steers shl lr be .15·.30. for 
eiott," I n<! .c:id open hearth alr.y st,eI. the sili""" (Ontent .11111 b-t .15 minimum . 

...... " RG.... F,y, pO,nt c.I'!)Cn '""~' 01 02 unj" l oj 01 Oye, ea~ besotu,ed ,I MU SS.,y on.rl Gill 11101 steers and <HI GM CI' 
bon Slotl. w.rn rn' th.n ./iO u.bon T~" 5 po,n! ca,bo" ,.ni' 's IPtc,~ed by Iddlnl an 'A ",iii. to the sPfC'~""! 'OO "umbe, 

Nlch l 0' C"'o",I~", GM steel. whlcl"l d. not spec,l, n,c~el ~ chromIum ""', be "tteted ,I then II,monll u eetd 'M tollow'"1 
I,m,ll N.cker .30 Ch'G""um .20 
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SPECIFICATION TABLES 

Thele specification' are publi5hed a s a matter of general information only. It will be noted thai 
certain of the specifications call for chemical limil! more restrictive than permitted by Ihe Manu· 
faelurer' s Standard Practice. Ulen 5hould famil iariul! the mselves wilh Manufacturer 's Standard 
Requirements and should cOnlult price cords before ordering sleel. 

MOLYBDENUM STEELS ' 

" ~ I Numb .. I ta,ban MlnKlnn. ' Ph<n. ' SUI . 
Max. Mu. 

---------~I Nlck,1 ChromIum Mal1b· 
"'num , Hot ..... , 1 'r • .'1 .. J 4( 1 £0 , 

CIIIYS' MS. ,'jJ " ~ ~ ,1> b jI. 110 I~, is 
C~rys' r M S .'1 " 0 " 041 

15 " 
~ , II " SA' 4130 ~- 35 " .. '" Ole so· .. 15 " G" 4130 " 35 " " .. , '" 50 80 15 " SAE X4130 25-. 35 " 60 .'" 'SO .80 1 10 15- 25 

SAE (GM) 4135 30- 40 60 " .'" 'SO 80 1 10 15- 25 
SAE (GMl 4140 35 4S 60 90 '" 'SO 8{J I 10 15 " GM 414~ " 50 60 7" '" '" 80 I 10 15 " Ch'yslfr • 42 ,. 

" 
, 1\ " 1 l' l' " SAE (GM 'ISO 4S " 60" .'" '" 80 I 10 15 " GM Xm2 45 " 60 " '" 150 90 1 20 15 " 

G" 4220 15 " " 60 '" "0 1 00 I 50 4S 15 10 20 
G" 4245·A 43 " 60 90 '" '50 l 00ISO 4S 15 10 20 

SA' 4340 35-. 45 SO .. .,., 
'" 1 50200 SO· .. " " GM X4340·A 35 42 60 90 '" 1> 150200 60 80 " " C~rlH M56' j " " • 

.. II '" 1 . . • " • SA 4345 40-. SO 50 .. .'" "0 1 50200 60 .90 15 " SAE (GM) 4615 10- .20 " " .'" '" 165200 20- .30 
Chrysler M.S. SIS 15 '0 .. " '" 15 3C ISO ~ • " C~rysler MS7" 15 ,. 011 IS- JC I 6~ , '" 10 
SAC GM 4620 15- 25 " 10 .04' .'50 165200 10 ., 
C~rysJer M.S .. Jl 11· 2l " 04, 15 JC , 200 " C~rysll'r M.S.4IS 11 22 '" 025 15 30 16~2oo •• ., 
G" X4620At 18 13 " 10 025 0~5 165200 20 max. 20 " SA' "" 35- 45 " 80 .'" .050 1 65200 20- 30 
G" 464' 35 4S 60 SJJ '" "0 1 65 2 DO 20 30 

SAE IGMl 4815 10- 20 " 60 0.40 05' 3 25--3 75 10 ., 
GM X4815- A 13 18 " 60 025 025 325375 20ma.. " JO 
C~T t ~S m L ~ 11 j, • SA 4820 15 .25 " 60 .'" 050 3 25.3 75 10 " C~rysler M.S·O) " 13 " 6J "" 0, 15 .iC ;; JO 

1M .. . n. ~"S .h'O/Iu"m shIn not .... ,d G.&Q . 

CHROMIUM VANADIUM STEELS ' 

,,~ hmbt. ,,, ... "".11 . ..... , .. Silicooo Nicht C~romlum 
VIMeI,,,,,, 

UH M ... M" Min. --- - - -- - - - --- --- ~ 
SA' 6115 10 20 lO 60 04' '" 80 I 10 15 18 
G" 6115 10 f,D lOl:' 04' 050 80 1 10 15 
r ry~ I '" , 1 , , 1 " 

SA' 6120 15-. 25 30- 60 "0 OSO 80 I 10 15 18 
G" 6L 15 2; " 6J "" " '0 1 10 b . 
' s/lk.n~S",E IfICI '~.I ItNII liMen 0 IM ... i Iitd silic:oft ... 111 .. 1 blsic .... 'Ih ItlO .. eels ""I) lit 15· •• . .... 1 "'f':"'C'. II 0pffI 

ttlCl,jc _tid ICid optn lItttlh .. IoJ I t .. 11 1M .,11COtI <Onltnl IhllI be.lS lllinimutn. 
" .... " /fO~'"' r,., lIO'nl albe. rlnfl 01 02 "nd., uj .W 0." an ~I \f<urld ,I "\!cHury M .11 G'oI ,(loy steet. I.d Of! 10M <lr 

bon ste°ls ,.,th 1.11 Ih ... 6(1 a rbon Th" 5 ~r.t alba. ra . JlI r, .~.lred Ly Idd.ol'. ""," ."~" I. 1M SJ)t<,rraho •• umb.r_ 
NI, h l •• C~,o", '"" eM 11"'. wh .. h dO n.1 ,*,IJ n" ~tl Or chI m'um ml, lit rIIICII<I rl Ih'" Illmlnt, u_d )nt )o)lo,"r nl 

Iom,t! /l, c~.t ~ Ch,omlulII 20 

'.7 



CARNEGIE-ILLINOIS STEEL CORPORATION 

These speci fica tiar.s are published as a matte r of general informat ion only. It wi ll be noted tha t 
certa in 01 the ~pecifoca ti an s call for chemical limi ts mare restrictive than permi tted by the Manu
lacturer's Sta nda rd Pra ctice. Users should lamil ia rile themselves with Manufacturer's Standard 
Requ irements and sha uld consult p. ice ca .ds before Q.dering steel. 

C H ROM I U M V A N A 0 I U M S TEE L S '-Con';nued 

"~ Itymber C"bon 
Mlnll. Phos. SuI. Silicen Nlc_el Chremium 

V'!IIdium .. " Mu. M ... Min. ------- - ----------
~~r1 , 1 , '1' 10 I 
SA[ 6125 20- 30 60- .90 040 OSO 
GM 6125 10 30 60 90 040 050 
SA[ 6130 25-.35 60 90 040 050 
GM 6130 15 35 60 " 040 OSO 
Chrysle r M.S, 547 30 35 55 75 04 04 15 30 
SA[ 6135 30- 40 60-. 90 040 OSO 
GM 6135 30 40 60 " 040 050 
Chrys ler M.S 319 33 J1 55 75 015 015 15 30 
SA[ 6140 35- 45 60-.90 040 OSO 
GM 6140 35 45 60 90 0," 050 
SAE 6\45 40- .50 60- .90 040 OSO 
GM 6145 40- 50 60- 90 040 050 
SAE 6150 45-. 55 .60-. S0 040 050 
GM 6150 45 55 60 SO 040 050 
GM X6150 45·.55 .60 SO 3i5 015 
ChrySler M.S. 381 " 51 70 90 035 10 10 
SA[ 6195 .90-1 OS 10 45 030 035 

SILICON MANGANESE STEELS 

SAE 19255 
SA[ (GM I 9260 I 50- 60 1.60- 90 

55- 65 .60- .90 

SILICON STEELS 

GM 7003 03 08 20 35 
GM X7005 03· 08 20 35 

f;';!~"a' i "'J. J m3. 
S' I 

r V , ,. ~" ~ l 

040 I 050 11 80 2 20 
040 050 1.80-2 20 

015 015 
1 60 18~ '1 05 90 I 0 

. I' 

~; " 3 SO ~ 0 

U.S.S HIGH TENSILE STEELS 

"" NumHr c.,bO)n Man,aneu Pho •. SuI. 
M ... M ... , 

U·S·S SII·Ten 40 max. 60 min. 04 

'j 
05 

U·S·S Co, ·Ten 10 max . 10 50 10 05 
U·S·S Man·Ten 35 ma~. 1 25 1 70 04 05 
U·S·S Cromansil 35 max. 90 I 50 04 05 
U·S·S5 Chromium 4 6 20 max. 30 50 04 05 

• • II 'fIItrftt\l Unlm specrl\erl eU ..... ,H 

SO-I 10 15 
80 I 10 15 
SO I 10 15 

~l/J! 15 

80 I 10 15 

:i J~ l~ 
SO· I 10 15 
80 I 10 15 
80 I 10 15 
80 1 10 15 
80-1 10 15 
80 I 10 15 

18l rJ8 l& 
80-1 10 15 

I!:'" 

Sil;eon I C~remlum 
20 min . 
SOIOO 50 I 50 
30 max . 
60· 95 30 70 
10 30 ,400600 

On;r"" ---
I 
.18 

.18 

10 15 
18 

.18 

.18 

.18 

18 

Copper 

20, Min. 
30 SO 
20· Min 

I $ili<on- SA£ Ind C'~lt",.-Unles. O!IIe<.'!e s{lfCified. 11I,,:on .. n,e D1 all bosic open he.,lh Illoy steels sl'llil be .1 5-.30. for 
eiecl,jc ,nd acid wen ho., tn .lIey Sleds the "lrcon conlent sholl be.l5 minImum. 

"A" Roft... r,oe poInt tlrborr ,"nil 0' m uftder U3 .03 o •• r tan H .!'tufod If lIf«.ulY on.1I C"I 1110, .IHls ."d on C~ cO' 
boR 'IM" WIth 10 .. thin .60 a,bon. Th" 5 polnl <lrbon .. "~. "_',ed by .dd,nlln :A' 1.lh 10 1~ 'pocJl...,l,on nu"'l .... 

NI,hl., C~,oml"", GM Sleti .... Ir<th do no: .ptel" "'cl<ol or chromIum",", IHr r.,!'t!ed II til". elemenlsll{:O!. d 1"- lo"'~'nll 
l,mllS N,ckol .lQ Ch.om,.m .:10 
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SPECIFICATION TABLES 

TheS(! speci fic(lti(ln ~ cue published a s (I matter of general inlormotion only. It will be noted that 
certain 01 the specifications call for chemicol limih more restridive thon permi tted by the Monu. 
locturer's Standard Prodice. US(!n should fomiliorize themselves with Monulac turer's Stondold 
Requi,ements and should consul t price cords belore orde,ing steel. 

CHROMIUM NICKEL CORROSION AND 
HEAT RESISTING STEELS 

Typ, Nu mb., C.,bon M.nIU"" f'ho •. SuI. Siticcn Chromium Mu . M ... ---
GM 81415 11 17 50 80 025 025 IS-- 30 1300 1500 
SAE lO905 08 max. .20-, 70 . OJO .030 .75 max . 17 00-20 00 
GM 81805 08mu. 10 70 OJO OJO 75 max. 17002000 
SAE 30915 .09- .20 . 20- ,70 .030 .OJO .75 max . 17 00-20 00 
GM 81815 " 10 10 70 030 030 ISmR 17002000 

" 
Rustles' If ~: Ie :,c' ~'- '" " I' 

. ]6001800 
301 U.S.S.IS-6 11 20 Optional 030 030 75 max. 15 00 11 00 
30lX U.S.S.IS-6 iO 20 Optional 030 OJO 75 rna(. 16001800 
lO2 U.S.S.IS·S 08 20 .70 max, 030 030 15 max. 11001900 
JOJ U,S.S.IS·S fMt 08 20 I 20 max. 10 16 OSO 75 max. 11700-1900 
l04 U,S.S. IS-S 5 II max. 70 max 030 030 .75 max. 11001900 
305 U.S,S. 19·9 08- .20 70 max. 030 030 75 max. 18002000 

"" U,S.S. 19·9 5 II max. 70 max. 030 030 75 max, 18 00 20 00 
307 U.S,S. 20·10 08 20 70mn. 030 030 75 max. 19 00 22 00 ". U,S.S. 20·10 S II max. 10 mal. ,030 030 75 maJ. 19002200 
30l U,S,S.25·12 20 max. 2 00 max. ,030 OJO 15mR 22 0026 00 

N lc~.t 

I 50- 2 50 
8 00-10 00 
8 00-10 00 
8 00-10 00 
8001000 
100 9C • 
500 700 
100- 8,50 
700 9 50 
700 9 50 
700· 9,50 
8001000 
8001000 
9001200 
9001200 

12 00 14 00 
llO US.S. 25·20 25 max, 2 00 max 030 030 75 mat. 2400 26 00 11900 21 00 
ll6 U.S.S. 18·8 S Mo~ 10mu. 200 max, 030 .OJO 75 max. 16 00 19 00 114 00 max. 
llO U,S.S. IS·8 Tit 20 max. 70 max. OJO 030 75 max. 

H~ti~ : iil~~ JlI U.S.S, 19·9 Tit 20 max. 10 mal. 030 OJO 75 max, 
34; U.S.S. 18·8 Cb 15 max. 70 max. 030 030 75mu. 
346 U,S.S. 19·9 Cbl IS max. 70 max. 030 030 75 max. 18 00 20 00 

'" U.S,S, 18-8 Cbll 15 max. JOmn. 030 OJO 75 max. !7 00 19 00 
348 US.S. 19·9 Cb.· IS max. 70 max 030 030 7S max, 18002000 

STRAIGHT CHROMIUM CORROSION AND 
HEAT RESISTING STEELS 

SOIA U.S.S. S 11 11 30 50 '"0 050 50 max. 400 600 
5018 U.S.S.S 16 10 30 50 040 050 50 max. 400 600 
50lC U.S.S.5 II I; 30 50 040 050 50mn, 4 00- 600 
50ID U,S.S.5 10 max. 30 50 040 050 50 max. 400 600 

U,S,S. 5 MaU 20 max. 30- 50 040 050 10m" 400·600 
SA' 51210 12 max. .60 max. OJO OJO 50 max, II 50 13 00 
40l U.S.S. 12 TUlblnt 12 max. JO max, 030 030 .75 max, II 50 13 00 
410 US.S 12 12 max. 70 max OJO 030 75 max. 12 00·14 00 
SA' X51410 .12 mn. . 60mn. .030 .15-.50 50 max . 13001500 
GM X81505tt 12 max. 60 max. 030 I; 50 50 max. 13001500 
416 U.S.S. 12 FM 12 max. 70 max. OJO 11 40 .75 max. 12001500 
m US.S.12·2 11 18 70 max, 030 030 75 max. 120015.00 
GM 81510 12 max. 60 max. 030 030 50 max. 14001600 
SA' 51510 12 max. . 60 max. 030 030 50 max . 14 00-16 00 
415 US,S. 15 12mu. 70 max, OJO 030 15 max. 14 00 1600 

800-12 00 
8 00-12 00 
8 00-12 00 

.... ,. A It"..... f,y, pOInt ulbon rlnx •• t .02 "nd .... ~ .03 ov.' un bl •• w,.d If .oce ... " on.n eM alloy sl •• t. 1..cI on CIo! u 
bon 0' •• " ,,,,hi ... thin ,M.lrbon. nil 5 pOlnl a.bon '"n", Is ,pec'~ld by.dd,nIU '"A . ,,'Iillo 1M '~":r6u'i." numb ... 

N,.hl .... C~,o", I"", -Gr.I SiKh whl~~ rio nollPecify nlckot or ch,omium mlY bo rlloded it Ih ... d.mOftI. ueed tho tGttOWI~' 
IImlls Nlckot .30 Ch,om,um .20 

iSi .IS m,. fr.lo 2·.' .' tn ~ ~ I,mn t.,boo, ~b '·10 times t.lbo-/I, -<Cb o .. r 10 I'mn C"bon, 
iI"'" ,40· 60 ftMI.'ot . mot,bduum. atoPl' and llrCO~lum porm"ted p'OIIldO<lloll1 of lit doe'! not uCHd I 00" 

A S.T .M 1"0. 1 . ,a~u, I_H . 
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CARNEGIE-ILLINOIS STEEL CORPORATION 

TheW! spec:ificotions are published as a moiler of general information only. It will be noted that 
certa in of thew specifications call for chemic:ollimih more restrictive than permilled by the Manu· 
facturer's Standard Practice. Uscrs should fomiliari~e themselves wi th Manulacturer', Standard 
Requirements and should c:onsult pric:e c:ards before ordering steel. 

STRAIGHT CHROMIUM CORROSION AND 
HEAT RESISTING 5 TEE L $-Continued 

I MIIIJlnlH I PI>o •. 
, 

M I Chro;r.mlum I ". Number Co,.., 
Mu. M ... Sillcoa Nie_eI 

. • • .. " SA' 51710 12 max. 60 max. 030 030 SOmu. 1600 1800 
GM 817G~ 12mu 60 mal 030 030 50 mal. 16001800 
• 30 U.S.S.17 12 max 70 mal . 030 030 75 max 1600 1& 00 
GM X8170' 12 mal. 60 max 030 030 15 I 25 16001800 
GM 82010 08 II 3060 02~ 011 18002300 

'" U.S.S.21 35 max. 10 max . 030 030 75 max. 11800 23 00 ... U.S.S. 21 35 max. 10mu. 030 030 75 max 23 00 30 00 

OPEN HEARTH GRADES BESSEMER F REE _ 

~ I 
CUTTING STEELS 

C.rbon Mup ..... Pho.pl\a.rUI SlOlp~ur 
Oude Carbon Mlollnal PIIosjrIlorU1. S~lphcrf 

I .05- .10 30- .60 . 04 max. .05 max . 
1 .10- .15 3a- .60 . 00mu. .05 max . 10 .OS- .16 1 .60 .90 j .09- .13 1 .10- .20 
l .15- 10 3a- .60 . 04 mal. .05 mal . 11 .OS- .16 .60~ .9O .09-.13 10- 30 

• .15- .20 .70-1.00 . 04 mal . .05 max . 
I 10- 15 . 30- .60 . 04 max . .OS max . OPEN HEARTH FREE-
6 .25- .35 . 60- .90 . 04 max . .05mu . CUTTING STEELS I .30~ .40 .60- .90 . 04 max. .05mu . 
8 .35- 45 . 60- .90 . 04 max . .05 max . 12 .15- .25 ... . ., .06 max . .075-.15 , .40- .50 . 60- .90 . 04 max . .05 max . 

10 .45- .55 . 60- .S{} .04 mal. .05 max . 13 .10- .20 1.001.30 .04 max. .015- .15 
II . 50- .60 .60- .90 . 04 mal . .05 max . 14 . 10- .20 1.301.60 .04 ma~ . .015-.15 
11 .60- .75 . 60- .90 . 04 max . .05 max . 15 .30 - .40 1.35 1.65 .04 mn .. .075 .15 
Il .75- .90 . 60- .90 . 04 max . .05 max . 
I. .90 1.05 . 25- .SO . 04 max . .05 max . BESSEMER RESULFURIZED 

- - NUT STOCK 
BESSEMER GRADES I .08 .16 I .SO 1.00 I .11 max. I .015 .15 16 

I' .12 max. . 60 mal . .11 max . .08 max • 
OPEN HEARTH RESULFURIZED 16 .15 max. .70 max . .11 max . 

I' . I~ 15 . 90 max . .11 max . .. ... NUT STOCK 
18 . 25- 35 . 90 max . . 11 max . ..... 

.SO 1.00 I .06 max. I. .35- .50 . 90 max . .11 max . .... ... " I .I, . " I .015-.15 

" A" Ita " ~.. r, ve ro' ot tJo,hon .. o~. 01 02 ~~d., ud .BJ 0 •• , can b •• ec~fld II necnur, 00 III elll 1110, .ltfl. Oft III OM •• r· 
beln .1 .. 1$ w,th lou u .. " .W .. rboo ThIS ~ lIO'ftr ."boo ,an,. , .. ptc,~.d b, Idd'ftl'ft .. ~ .. wt!i . to thllpec,f\c.Il'Oft "umb .. 

N .. hl or C"' . ml.m -GM .t •• 11 wt.'ch do n.1 spec,l, n,.~ol or e~"o;r.mrurn mil, be "Ioct" ,1 t~ .. tlomonl. u.1td tile lI>1lo"ro, 
Iomlu: N,del .30 Ch,o;r.m,"m .:0. 
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WEIGHTS AND AREAS OF BAR ST EEL 

SQUARE AND ROUND BARS 
WEIGHTS AND AREAS 

W·!IM. ... ,. •. W.i,h1. A.tl, 
lIIs. per Foot Squirt Inc"-I lbs, 110' foot Size, Sq"". Inch .. 

IMhos 
0 0 0 0 0 0 0 0 ------------ --------- ------

3 30.60 24.03 9.000 7.009 
.013 .010 .0039 .0031 {26 31.89 25.05 9.379 7.366 
.053 .041 .0156 ,0123 V. 13.20 26.08 9.766 7.670 
.120 .094 .0352- .0276 3/16 34.54 27.13 10.160 7.980 
.213 .167 .0625 .G491 'I. 35.91 28.21 10.563 8.2% 
.332 .261 .0977 .0761 5/16 37.31 29.30 10.973 8.618 
.478 .316 .1406 .1105 'f< 38.73 30.42 11.391 8.946 
.651 .511 .1914 .1503 71i6 40.18 31.55 11.816 9.28\ 
.850 .668 .1500 .1963 'h 41.65 32.71 12.250 9.621 

1.076 .845 .3164 .2485 lIII 6 43.15 33.89 12.691 9.968 
1.328 1.043 .3906 .3068 

{fA6 
44.68 35.09 1l.!41 10.321 

1.607 1.262 .471.7 .3712 46.23 36.31 13.598 10.680 
1.913 1.502 .5625 .4418 'f< 47.81 37.55 14.063 II.()4S 
2.245 1.763 .6602 .5185 13/16 49.42 38.81 14.535 11.416 
2.603 2.044 .76S6 .6013 y,. 51.05 40. 10 15.016 11.793 
2.988 2.347 .S789 .6903 5/16 52.71 41.40 15.504 12.177 
3.400 2.670 1.0000 .7854 • 54.40 42J3 16.000 12.566 
3.838 3.015 1.1289 .8866 11i6 56.11 44.07 16.504 12.962 
4.303 3.380 1.2656 .9940 'I. 57.85 45.44 17.016 13.364 
4.795 3.766 1.4102 1.1075 3/16 59.62 46.83 17.535 13.772 
5.3 13 4.172 1.5625 1.2272 'I. 61.41 4S.23 18.063 14.186 
5.851 4.600 1.7227 1.3530 51i 6 63.23 49.66 18.598 14.607 
6.428 5.049 1.8906 1.4849 * 65.08 51.1 1 19.141 15.033 
7.026 5.51S 1."'" 1.6230 71i 6 66.95 52.58 19.691 15.466 
7.650 6.008 2.2500 1.7671 % 68.85 54.07 20.250 15.904 
8.301 6.519 2.4414 1.9175 '1i6 70.78 55.59 20.816 16.349 
8.978 7.051 2.6406 2.0739 '!. 72.73 57.12 21.391 16.800 
9.682 7.604 2.8477 2.2365 1 1/ 16 74.71 58.67 21.973 17.257 

10.413 8.178 3.0625 2.4053 'A 76.71 60.25 22.$3 17.721 
11.1 70 8.773 3.2852 2.5802 I t/16 78.74 61.85 23.160 18.190 
11.953 9.388 3.5156 2.7612 Yo 80.80 63.46 23.766 18.665 
12.763 10.024 3.7539 2.9483 ,f1i 6 82.89 65.10 24.379 19.147 
13.600 10.681 ' .0000 3.1416 5 85.00 66.76 25.000 19.635 
14.463 11.359 4.2539 3.3410 11i6 87.14 68.44 25.629 20.129 
15.353 12.058 4.5156 3.5466 ¥I 89.30 70.14 2e.266 20.629 
16.270 12.778 4.7852 3.7583 y" 91.49 71.86 26.910 21.135 
17.213 13.519 5.0625 3.9761 Yo 93.71 73.60 27.563 21.648 
18.182 14.280 5.3477 .. - 5/16 95.96 75.36 28.223 22.166 
19.1 78 15.062 5.6406 4.4301 % 98.23 77.15 28.891 22.691 
20.201 15.866 5.9414 '.6664 'A, 100.53 78.95 29.566 23.221 
21.250 IS.690 6.2500 4.9087 'h 102.85 80.78 30.250 23.758 
22.326 17.534 6.5664 5.1572 '/16 105.20 82.62 30.941 24.301 
23.428 18.400 6.8906 5.4119 % 107.58 84.49 31.641 24.850 
24.557 19.287 7.2227 5.6721 1I1i6 109.98 86.38 32.348 25.406 
25.7 13 20.195 7.5625 5.9396 'A 112.41 88.29 33.063 25.967 
26.895 21.123 7.9102 6.2126 ,11i6 114.87 90.22 33.785 26.535 
28.103 22.072 8.2656 6.4918 Yo 117.35 92.17 34.516 27.109 
29.338 23.042 8.6289 6.7771 Ifll6 119.86 94.14 35.254 27.688 
30.600 24.033 9.0000 7.0686 6 122.40 96.13 36.000 28.274 

2., 
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CARNEG I E-ILLINOIS STEEL CORPORATION 
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SQUARE AND ROUND BARS 
WEIGHTS AND AREAS 

W."h*t "fea, Wei,ht Arel, 
lb., per 001 SqUI •• IflChe. Sizt, lb •. per 1'001 Squl.e Inche. 

Inches 
0 0 0 0 0 0 0 0 
~~- ~~- ~~- ~~- ~~- ~~-~~- ~~- ~~-

122.40 96.13 36.000 28.274 9 275.40 21ti.30 81.000 63.617 
124.96 98.15 36.754 28.866 'Ii. 279.24 219.31 82.129 64.504 
127.55 100.18 37.516 29.465 Yo 283.10 222.35 83.266 65.397 
130.17 102.23 38.285 30.069 ~6 286.99 225.41 84.410 ".296 
132.81 104.31 39.063 30.680 'I. 290.91 228.48 85.563 67.201 
ll5AS 106.41 39.848 3L296 

W 
294." 231.58 86.723 68.11 2 

138.18 108.53 40.641 31.919 298.83 234.70 87.891 69.029 
140.90 110.66 41.441 32.548 ' .. 302.83 237.84 89.066 69.953 
143.65 112.82 42.250 33.183 Y, 306.85 241.00 90.250 70.882 
146.43 115.00 43.066 33.824 ~6 310.90 244.18 91.441 71.818 
149.23 ll7.20 43.89\ 34.472 

tJ6 314.98 247.38 92.641 72.760 
152.06 119.43 44.123 35.125 3\9.08 250.61 93.848 73.708 
154.91 121.67 45.5&3 35.785 'A 323.21 253.85 95.063 74.662 
157.79 123.93 46.410 36.450 13A6 327.37 257. 12 96.285 75.622 
160.70 126.22 47.266 37.122 ~ 331.55 260.40 97.5 16 76.589 
163.64 128.52 48.129 37.800 11/16 335.76 2&3.7 1 98.754 77.561 
166.60 130.85 49.000 38.485 10 34D.OO 267.04 100.000 78.54D 
169.59 133.19 49.879 39. 175 1/16 344.26 27D.38 IDI.254 79.525 
172.6D 135.56 5D.766 39.871 Yo 348.55 273.75 ID2.516 8{J.516 
175.64 137.95 51.66D 40.574 3/16 352.87 277.14 103.785 81.513 
178.71 14D.36 52.563 41.282 Yo 357.21 28{J.55 ID5.063 82.516 
181.81 142.79 53.473 41.997 

W 
361.58 183.99 106.348 83.525 

184.93 145.24 ;0.391 42.718 365.98 287.44 107.641 84.541 
las.D7 147.71 55.316 43.445 ' .. 310.4D 29(1.91 108.941 85.563 
191.25 lSO.21 56.25D 44.179 'h 374.85 294.41 110.250 86.5% 
194.45 152.72 57 .191 44.918 9~6 379.33 297.92 111.566 87.624 
197.68 155.26 58.141 45.664 \'0 383.83 301.46 112.891 88.664 
200.93 157.81 59.098 46.415 11A6 38836 305.02 114.223 89.710 
204.21 160.39 60.063 47.173 'A 392.91 308.59 115.563 90.763 
207.52 162.99 61.035 47.937 10/16 397.49 312.19 116.910 91.821 
210.85 165.60 62.016 48.707 YI/ .. 

402.lD 315.81 118.266 92.886 
214.21 168.24 63.004 49.483 406.74 319.45 119.629 93.957 
217.60 170.90 64.000 50.265 II 4ll.4D 323.11 121.000 95.033 
221.01 173.58 65.004 51.054 'A, 416.09 326.8D 122.379 96.116 
224.45 176.29 66.016 51.849 Y. 420.80 330.50 123.766 97.205 
227.92 179.01 67.035 52.649 3A6 425.54 334.22 125.160 98.301 
nUl 181.75 68.063 53.456 'A 430.31 331.97 126.563 99.402 
234.93 184.52 69.098 54.269 'h. 435.11 341.13 127.973 100.510 
238.48 187.30 70.141 . 55.088 II 439.93 345.52 129.391 101.623 
242.05 190.11 71.191 55.914 7/16 444.78 349.33 130.816 102.743 
245.65 192.93 72.250 56.745 'h 449.65 353.16 132.250 103.869 
249.28 195.78 73.316 57.583 ~6 454.55 357.00 133.691 105.001 
252.93 198.65 74.391 58.426 459.48 380.87 135.141 106.139 
256.61 201.54 75.473 59.276 ' n. 464.43 364.76 135.598 107.284 
260.31 21)4.45 76.563 60.132 'A 469.41 368.68 138.063 108.434 
264.04 21)7.38 77.660 60.994 I3A, 474.42 372.61 139535 109.591 
267.80 210.33 78.766 61.863 aA6 

479.45 376.56 141.016 110.754 
271.59 213.31 79.879 62.737 484.51 380.54 142.504 111.923 
275.40 216.30 81.000 63.617 12 489.60 384.53 144.000 113.098 

.0. 



WEIGHTS AND AREAS OF BAR STEEL 
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CARNEGIE - ILL I NOIS STEEL CORPORATION 

WEIGHTS OF RECTANGULAR SECTIONS 
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CARNEGIE-ILLINOIS STEEL CORPORATION 

Blue brittleness, definition 
Boiler plote , railroad 
Bridge steels 
Bui lding hades, steels in 
Bureau of Standards, critical coaling rates 
Burning , definition 

Corban 
Corban , Iron. , Diagram 
Carbon steel, definition 

specifications 
Carbonization , definition 
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