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PREFACE

This volume is the final portion of a correlation of data and
a critical summary of the world’s knowledge on the constitution
and properties of iron-carbon alloys. The preparation of this
book on the properties of carbon steels and cast irons has pre-
sented many problems not encountered in most of the other
monographs of this series One of the important problems was to
decide what should be included and what should be omitted, in
other words, whether this volume could be made to cover the
field with reasonable completeness without assuming the bulk
of an encyclopedia

The primary object of Alloys of Iron Research is to prepare
monographs which are comprehensive critical summaries of the
world’s research on 1ron and its alloys and which should, neces-
sarily, contain a discussion of all important available data.
This postulates that the literature be thoroughly reviewed and
that nothing of importance be omitted from the bibliography and
from mention in the text. In the case of the present book this
was 1mpossible. The extent of the literature on the properties
of plain carbon steels and cast irons is almost boundless. Even
after rejecting from the thousands of published articles the direct
duplications, condensations, and abstracts and the papers which
restate previously reported facts in slightly different form, more
than two thousand papers remained. Although these were
reviewed 1n preparing the manusecript, it was impossible to include
even all the important ones and still keep the book to a reasonable
size

The procedure finally adopted for this second portion of the
iron-carbon monograph was, therefore, the same as that used by
Samuel Epstein in preparing Volume I, namely, to sift the litera-
ture carefully and to select those data which would establish
most readily the desired base line of properties—a base line with
which the properties_of alloy steels may be compared—and which
would indicate most clearly the engineering and other properties
expected from commercial carbon steels and cast irons,

viu



viii PREFACE

There are so many possible variations in the composition,
structure, and treatment of commercial carbon steels and cast
rons that 1t was not unexpected to find, when the literature was
reviewed, that there were few 1f any data upon the effect of carbon
as the only variable influencing the properties It was, however,
somewhat surprising to learn that the amount of data on the
various subjects to be covered varied widely  Owing to the small
amount of information available for some of these subjects—the
properties of hot-rolled steel is a notable example—it was possible
to review and correlate the published data with some degree of
completeness  For other subjects there was such a mass of
information available that the data finally selected are only
a small fraction of the total amount pubhished In this case the
selection was made, from papers available at one or more large
hibraries m this country, primarily to establish most clearly
the desired hne of reference, and not exclusively on the basis
of ment Consequently there are a number of excellent pieces
of work which are not mentioned 1n this monograph  That they
are not 1ncluded 1s no reflection upon their quality; 1t means only
that there are other reports, more readily available, which ¢ontain
stmilar information or which establish the desired line of reference
more readily TFor still other subjects, particularly those in
which the method of test has as much influence upon the prop-
erties as the material, the selection of data was made primanly
to indicate the trend due to carbon and to give typical values fo
typical materials tested by the most readily reproducible methods

As this monograph 1s fundamentally a base line for the mono-
graphs on the other alloys of 1ron, and as 1t is more likely to be
used as a reference book than some of the others, all temperatures
are given 1n degrees centigrade and, with the exception of a few
i Chapters XV and XVI on physical constants, have been
converted to the nearest 5 degrees Fahrenheit

Franx T. Sisco.

New Yeork, N Y,
January, 1937,
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THE ALLOYS OF IRON
AND CARBON

VOLUME II
PROPERTIES

CHAPTER I
INTRODUCTION

Classes of Commercial Iron-carbon Alloys—Variables Affecting
the Properties of Commercial Iron-carbon Alloys—Tensile Tests—
Statustrcal Methods Applied to Mechanical Properties

Steel is civilization’s most important material and owes its
importance almost wholly to carbon. Its form, distribution, and
behavior, when alloyed with iron, determine whether the iron will
be malleable or not, strong or weak, tough or brittle, hard or
soft. Since the beginning of the steel age, with increasing use
of steam and the resulting economical methods for melting and
refining, progress in making and adapting steel to man’s needs
has depended almost solely on his advancing knowledge of the rdle
played by carbon. Even the development of alloy steels has not
dimmed the importance of carbon; most alloying elements are
added for the specific purpose of modifying the structure and
improving the properties of a carbon steel. It is, of course, true
that there are a few iron alloys, known commercially as alloy
steels, in which more than a very small amount of carbon is
undesirable, but in general all alloy steels may be @W

carbo ntaining a specific amount of one or more -
tional alloyi ments.  From this it follows that the best
method of studying the structure and properties of any alloy steel

1




2 THE ALLOYS OF IRON AND CARBON

is to compare it with an unalloyed carbon steel of otherwise
similar composition and of similar history.

The dual object of a monograph on the iron-carbon alloys was
stated by Epstein in Volume I. A portion of this will bear
repeating. ‘‘These commercial alloys are of interest to many—to
metallurgist, steel maker, engineer, and a number of others—for
two reasons. In the first place, the constitution and properties
of carbon steels and cast irons serve as a base line with which the
increasingly useful alloy steels may be compared. . . . In the
second place, a summary of data on constitution and properties
helps to establish the value of plain carbon stecls and cast irons as
structural materials and should indicate what engineering proper-
ties can be and are being secured without the use of alloying
elements.”

Before taking up the correlation of data on the properties of
commercial iron-carbon alloys it is advisable, in this first chapter,
to discuss briefly the varous classes of iron-carbon alloys so that
there will be no misunderstanding as to what 1s meant by carbon
steel, cast iron, or malleable iron; to outline, also briefly, some
of the variables which may have an effect on the properties; to
define what is meant by tensile strength, yield strength, and other
mechanical properties as used in this and other monographs of the
series, properties which are not defined in more detail later in the
book; and to advocate, tentatively and somewhat hesitantly—in
view of the many other important things metallurgists must do
before our knowledge of carbon steel and cast iron 1s complete—
the wider use of statistical methods in studying the mechanical
properties of commercial steels and cast irons.

A. CLASSES OF COMMERCIAL IRON-CARBON ALLOYS

In the 80 years which have elapsed since the commercial devel-
opment of the Bessemer and open-hearth processes, metallurgists,
chemists, engineers, and teachers have been attempting to define
steel and to distinguish it by definition from ingot iron, wrought
iron, cast iron, and other products of the iron and steel industry.
Some 50 years ago, these efforts were complicated by the develop-
ment of alloy steels which made it necessary to distinguish
between ordinary steels in which carbon is theoretically the sole,
and actually the main, controlling composition variable, and alloy
steels in which the effect of the carbon is intensified and occasion-
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ally partly nullified—but always complicated—by the effect of
one or more alloying elements.

More than 60 years ago an international committee was
appointed to consider the question; in 1876 a preliminary report
was made to the American Institute of Mining Engineers. The
work was continued until 1906 when the Committce on Uniform
Nomenclature of Iron and Steel of the International Association
for Testing Materials, with H. M. Howe as chairman and
Albert Sauveur as secretary, made its final report The defini-
tions proposed, while doubtless as satisfactory as could be then
formulated, left much to be desired from the standpoint of clear-
ness and conciseness

The defimitions proposed by this Committee have been pub-
hished so widely and are so well known that 1t 15 not necessary to
reproduce them verbatim. All that has been done, therefore, 1s to
indicate briefly how the various terms which denote the com-
mercial iron-carbon alloys are used 1n this monograph and in the
other monographs of the series. For this purpose the products of
the ron and steel industry have been divided into six classes:
(1) commercially pure iron, (2) wrought iron, (3) carbon steel, (4)
cast and pig irons, (5) malleable 1ron, and (6) alloy steel

1. Commercially Pure Iron, Wrought Iron, end Carbon Steel.—
Commercially pure iron is, as the term implies, the element iron
1n as pure a form as can be, or as is, produced commercially and
mncludes electrolytic iron, sponge 1ron, and open-hearth ingot iron
Data on these three classes, together with the available data on
irons specially purified 1n the laboratory, form the subject matter
of a previous monograph, ‘“The Metal—Iron.”™% The most
mmportant of the commercially pure irons 1s, of course, open-hearth
ingot iron which normally contains less than 0.03 per cent each of
carbon, manganese, and sulphur, and even smaller amounts of
phosphorus, silicon, and a number of other elements. According
to an analysis given by Cleaves and Thompson™# of a representa-
tive open-hearth ingot iron, the iron content by difference was
09.78 per cent. A few data on the properties of open-hearth
ingot iron are given in the present monograph as typical of com-
mercial iron containing traces to very small amounts of carbon.

Wrought iron is essentially a very low carbon steel, made by
oxidizing, without completely melting, the charge and containing
therefore a fairly pure ferrite matrix with which numerous slag
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particles are intermingled. In hot working, these particles are
elongated into stringers which give to wrought iron its well-known
directional properties. Wrought iron usually contains less than
0.10 per cent carbon and manganese and less than 0.04 per cent
sulphur. Phosphorus is ordinarily higher than in carbon steel,
produced by melting and refining, but seldom higher than 0.20 per
cent. The amount of wrought iron now being produced is an
insignificant part of the world’s total ferrous-metal production.

. For the purpose of these monographs, carbon steel may be
defined as a commercial iron-carbon alloy containing less than
1.7 per cent carbon (point E of the iron-carbon diagram) and
varying but usually relatively small—less than 1 or 1.5 per cent—
amounts of manganese and silicon and even smaller—less than
0.15 per cent—amounts of sulphur and phosphorus. In addition
carbon steel contains traces and sometimes appreciable amounts
of a large number of other elements, some of which form the
so-called non-metallic impurities, including gases.

In a recent effort to formulate a defimtion of cast iron the
British Cast Iron Research Association* proposed the following
definition for steel. ‘‘Steels: Alloys of iron and carbon (other
than malleable cast iron) with or without other elements, which do
not contain carbide eutectic or graphite eutectic in the micro-
structure.” This definition does not distinguish between ingot
iron, which is usually an iron-carbon alloy, wrought iron, and low-
carbon steel, by the slag content or by the refining process. It
omits a specified carbon limit, usually placed at 17 per cent,
because of the effect of some of the alloying elements on the loca-
tion of point E.

The composition of carbon steel is discussed in greater detail
below.

2. Cast Iron, Pig Iron, and Malleable Iron.—A wholly satis-
factory definition of cast iron has never been formulated. The
Committee on Uniform Nomenclature defined it as ‘‘iron contain-
ing so much carbon or its equivalent that it is not malleable at any
temperature.” The lower carbon limit for cast iron is nearly
always placed at point E on the diagram, 7.e., at 1.7 per cent.

The recent definition by the British Cast Iron Research
Association is as follows: ““Cast Irons: Alloys of iron and carbon,

* NorBURY, A. L : Cast Iron and Steel Differentiated, Iron Age, Nov. 7,
102K nn 925 and 104-112 ‘
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with or without the other elements, which contain carbide eutectic
(white cast iron) or graphitec eutectic (gray cast iron) or both
carbide eutectic and graphite eutectic (mottled cast iron) in the
microstructure.” This is probably the most satisfactory defini-
tion yet proposed for cast iron. Pig iron, of course, 1s cast iron,
cast directly into pigs from the blast furnace.

The defimtion, by the same body, for malleable iron follows
directly from the definition of cast iron, viz.: ‘ Malleable Cast Iron:
The product obtained by eliminating the carbide eutectic from
solid white cast iron by decarburizing (white heart), or by con-
version into graphite by annealing (black heart).”

In the United States both the American Foundrymen’s Asso-
ciation and the National Bureau of Standards are working
on the problem of formulating an acceptable definition of cast
iron. .

3. Alloy Steel.—As yet no adequate definition of alloy steel
has been formulated.* Although carbon and alloy steels cannot
be separated with scientific precision, it 1s easily possible, at least
for a number of the alloying elements, to determine practically
whether the material falls within one or the other of these two
classes. If, for example, an alloy, not added primarily for
deoxidation, such as nickel, chromium, vanadium, moelybdenum,
copper, tungsten, ett., 1s intentionally added (either as the metal,
as a ferroalloy, or as part of the charge) in the amount required to
have the desired effect, the resulting product is clearly an alloy
steel.

If, on the other hand, none of an alloy is intentionally added, or
if a small amount is added primarily for deoxidation, the finished
product is usually classed as a carbon steel even though a small
adventitious amount of the element, resulting from the accidental
admixture of alloy scrap or other material in the charge, may be
found by analysis in the finished steel. This is only true, how-
ever, if the adventitious amount is so small that it does not
have a marked effect (aside from deoxidation effects) on the
structure or properties. Except for nickel, copper, and molyb-
denum, which do not oxidize and thus tend to increase in scrap
over a period of years, most steels classed as carbon steel contain
such a small amount, of residual alloys that, for the present at
least, these may be ignored.

* The American Iron and Steel Institute is working on this problem.
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Most steel makers consider that, if steel contains less than
0.20 or 0.25 per cent nickel and less than 0.10 per cent copper or
molybdenum, the material is carbon steel. Until further work is
done on the effect of small amounts of alloys on the properties and
structure of carbon steels (an important but woefully neglected
field), these percentages, at least for the purposes of the mono-
graphs of this series, may be taken as the dividing line between
carbon and alloy steels. It must be remembered, however, that
these percentages may be used as a dividing line only in classifying
steels in which nickel, copper, and molybdenum are determined by
analysis. As they are not usually determined in routine steel-
plant analysis of carbon steels, there is no way of telling how many
steels have been made, rolled, and used as carbon steels which
contained enough of one or more of these three elements to put
them, by this arbitrary dividing line, into the alloy-steel class if
the percentage of residual alloy were known.

In the case of the elements which oxidize 1n preference to iron,
such as chromium, vanadium, tungsten, aluminum, titanium, and
zirconium, there is usually such a small amount (less than 0.05
or 0.10 per cent at most) remaining after melting and refining
that the heat can rarely be classed as an alloy steel. Specific
data on the effects of small amounts of these alloys on the proper-
ties and structure of carbon steel are, except in the case of those
elements which control grain size, almost wholly lacking; hence,
until data are reported which show that less than 0.05 per cent, or
0.10 per cent in the case of chromium, of the element has a marked
effect, it will be necessary to consider steels containing small
residual percentages of these elements as carbon steels.

4. Silicon and Manganese in Carbon and Alloy Steels.—There
is no way at present to differentiate between carbon steels con-
taining considerable amounts of manganese and silicon, and
manganese and silicon alloy steels containing low percentages of
these elements.

Steels known throughout the industry as carbon steels may
contain as much as 1.25 or even 1.50 per cent-manganese and as
much as 0.30 or even 0.50 per cent silicon; on the other hand, data
are reported by Greiner, Marsh, and Stoughton(®® for ‘‘silicon-
manganese’’ steels containing less than 1.00 per cent manganese
and less than 0.50 per cent silicon. These authors quoted a
specification, by the American Society for Testing Materials,
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for “silicon structural steels” in which 1t is stated that the silicon
shall be ‘“not under 0.20 per cent,” and in which the manganese
content is not specified.

Regarding silicon, Camp and Francis'*® stated:

Since slicon-treated steels may contain more than 0.50 per cent
stlicon and silicon alloy steels may contain as hittle as 0 50 per cent, the
nearest custom comes to supplying a definition for silicon steels is to say
that no steel containing only silicon, in addition to the carbon and
manganese usually present in carbon steels, is to be considered as an
alloy, or a special, steel unless the silicon content exceeds 0.50 per cent.

As few values for carbon steels, except in the case of cast
material, reported in the following pages were obtained on material
containing more than 0.30 per cent silicon, there is hittle, if any,
duplication of data in the present monograph and in ““The Alloys
of Iron and Silicon.” s

Many of the carbon steels the data for which are reproduced
and discussed in the following chapters contained around 1 per
cent manganese. In correlating these data, an arbitrary dividing
line of 125 per cent manganese was decided upon to separate
carbon steels from low-manganese steels with, however, the full
reahization that a discussion of the properties of low-manganese
steels 1n the forthcoming ‘“The Alloys of Iron and Manganese”
would 1nclude material designated as manganese steels and con-
taining less than 1.25 per cent.

B. VARIABLES AFFECTING THE PROPERTIES OF COMMERCIAL
IRON-CARBON ALLOYS

If commercial carbon steels were pure alloys of iron and
carbon and if cast irons were pure alloys of iron, carbon, and
silicon, there would be fewer problems involved in assembling
and correlating data on their properties. What the result of
such a correlation would be is an mnteresting speculation but quite
beside the point, as there never have been, and most likely never
will be, absolutely pure binary iron-carbon and ternary iron-
carbon-silicon alloys made commercially.

Probably there are no commercial metallic materials which are
equally hard to purify and in which small amounts of impurities
have such a marked effect as in steel and cast iron. The amount
and distribution of fhe impurities and the many other variables
which may affect the constitution and properties of carbon steel
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and unalloyed cast iron have been discussed in some detail in
the first volume of this monograph (Chapters I, XI, and XII),
hence only a brief summary is justified here.

6. The Composition of Carbon Steel.—The approximate
amounts of the four elements which, in addition to carbon, are
nearly always included in routine chemical analysis of carbon
steels made by the principal steel-making processes are as follows:

Approximate range, per cent

Kind of steel
Mn Si S P

Carbon steel 0 20 to | Traceto| 0 01 to | 0 01 to
125 0 50 0 08 012
Basic open-hearth tonnage steels, not
deoxidized with silicon 0 30 to | Traceto| 0 02 to | 0 01 to
0 60 0 05 0 05 0 045
Basic open-hearth tonnage steels, de-
oxidized with silicon 050to |0 10to |0 02to| 0 01 to
125 0 30 0 05 0 04
Acid Bessemer tonnage steels, mostly
low-carbon . 0 30 to | Traceto| 0 02 to | 0 O]
0 90 0 02 0 065

More than 98 per cent of the carbon steel produce
country falls mnto the last three classes given above.
above four elements affect the properties; manganese affd phos-
phorus to a greater extent (at least for the amounté usually
present in carbon steels) than silicon and sulphur. In basic
open-hearth carbon steels the manganese may vary widely and,
consequently, be mainly responsible for the marked variation
in properties frequently noted in basic steels of the same carbon
content. The much greater percentage of phosphorus in acid
steels than 1n the basic product has a profound effect on the
mechanical properties of material otherwise of the same
composition.

Not only does the composition of steels of the same carbon
content, as ordinarily determined, vary within fairly wide limits
from grade to grade and from heat to heat, but, because of
segregation, it may also vary from ingot to ingot, billet to billet,
and even from bar to bar in the same heat.
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The first two factors, therefore, which may affect the properties
of commercial iron-carbon alloys of the same carbon content are:
(1) the amount of manganese, silicon, sulphur, and phosphorus
in steels of different grades, or made by different processes, or in
different heats; and (2) the amount of these elements when
segregated in steel of the same grade, made by the same process,
and in the same heat.

In addition to accidental, occasionally large but usually small,
amounts of alloying elements such as nickel, chromium, vanadium,
copper, molybdenum, and others which may be present, commer-
cial carbon steels may also contain small amounts of other
clements, usually picked up from the charge. Among these,
mentioned by Epstein in Volume I of this monograph, are arsenic,
tin, lead, zinc, antimony, and aluminum and occasionally titanium
or zirconium from the deoxidizers used. Except for the control
of gramn size by aluminum, the effect of such accidental small
amounts of these elements is not known. Furthermore, these
impurities are rarely determined, so that there 1s no information
available on how frequently traces of these impurities may be
encountered in steel or cast iron.

Also present, but determined infrequently, may be traces or
even appreciable amounts of non-metallic material such as
sulphides and arsemides, of gases, especially oxygen, nitrogen,
and hydrogen, and their reaction products. That oxygen,
especially in the form of oxides and silicates, and nitrogen affect
the structure and properties 18 certain; little or nothing is known
about hydrogen except that it apparently causes acid brittleness
in pickling.

The next two factors, therefore, which may influence the
properties of commercial iron-carbon alloys of the same carbon
content are: (3) the accidental, small, and usually undetermined
amounts of metallic impurities which may be picked up from the
charge; and (4) the variable amounts—usually small but some-
times appreciable—of gases and their reaction products and other
visible or invisible solid non-metallic inclusions which may be
present. This last factor has an especially important effect on
the directional properties, on the resistance to single-blow
impact, and in some_instances on the resistance of a steel to
repeated stresses,
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6. Other Variables Which May Affect the Properties of Car-
bon Steels.—There are a number of factors, in addition to the
composition, which may affect the properties of iron-carbon alloys.
A large part of these may be brought together under the broad
heading of variations in microstructure. It is hardly necessary
to do more than mention that the properties of a 0.50 per cent
carbon steel vary with the relative amounts of ferrite, lamellar
pearlite, spheroidized cementite, troostite, martensite, or austenite
present. The most important vanable, in addition to the com-
position, which affects the microstructure is, of course, the thermal
treatment. Others are the mechanical treatment and the size
of the section. The si1ze, number, or distribution of visible and
invisible inclusions are also complicating variables in determining
the final microstructure of the test specimen

Another factor, related both to the composition and to the kind,
number, size, and distribution of the inclusions, 1s the cffect of
the steel-making process, namely, whether the steel was made by
an acid or a basic process, under strongly oxidizing, mildly
oxidizing, or reducing conditions, how 1t was poured into molds,
and how rapidly it solidified after pouring Although the char-
acter of the steel-making process may be considered as a separate
factor, 1t 18 so thoroughly entangled with differences in composi-
tion and with the amount and character of the visible and invisi-
ble inclusions that no one can say defimitely whether a steel of a
certain carbon content, melted and refined in a basic open-hearth
furnace, would differ in properties from a steel of the same carbon
content made in an acid Bessemer converter, if these other
variables were not complicating factors

The last factor, which has been receiving much animated
attention lately, is the tendency in some steels, melted and refined
in a certain way, for grain growth to occur at mach lower tem-
peratures than in other steels of practically the same composition,
thus producing large differences in grain size in similar steels,
similarly treated, and the tendency of some steels to age harden.
According to Epstein (Volume I, Chapter XII, of this mono-
graph), these two tendencies are the components comprised in the
old term ‘“‘body,” which was once widely used to describe the
difference in resistance to dynamic stresses and the marked differ-
ences in response to heat treatment in two steels of the same
composition as determined by the usual analysis.
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The three other factors, then, which may affect the properties
of steels of the same carbon content are (5) the effect of the
microstructure, which depends upon the composition, thermal
treatment, cross-section, and mechanical treatment; (6) the effect
of the melting, refining, and pouring practice; and (7) the effect
of certain tendencies—the causes of which are mostly obscure
and the terminology of which 1s not yet established—for grain
growth and age hardening under certain conditions.

There are almost as many variables affecting the properties
of cast 1ron as there are influencing the properties of the lower
carbon alloys First and most important, of course, is the com-
position. Others are the conditions of melting—including the
nature of the process, the melting or superheating temperatures,
and conditions of solidification and cooling—size of the section,
thermal treatment, and the so-called heredity effect which
includes the cffect of visible and invisible inclusions.

7. The Accuracy of Available Mechanical-property Data on
Carbon Steels.—There are probably no published data on the
mechanical properties of carbon steels in the determination of
which all of the above variables are considered. In the first
place, the determination of the effect of some of them is
difficult or even impossible at present because methods are
imperfect or not available at all. In the second place, investi-
gators do not usually take mnto consideration all of the factors
which may affect the results, even when methods are available,
either because it would complicate their problem too much or
because they do not recognize that these variables are important
In the third place, investigators are often careless about reporting
all of the facts which are known. Thus a paper on the properties
of carbon steel may contain the analysis for manganese, silicon,
sulphur, and phosphorus, and even for some of the more common
alloying metals; it may, and usually does, give the thermal
treatment (usually however with many important details lack-
ing); 1t may give the size of the section treated, and may even give
details of the mechanical working and the process by which the
steel was made, but it usually neglects to give any details of
melting and refining, pouring practice, location of the specimens
with respect to a specific part of the ingot, or temperatures of
rolling, and the like. = There is almost never any information on
adventitious impurities or on the contained gas and non-metallic
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inclusions even as determined by the imperfect methods now
available. Until very recently, the effect of grain-growth tend-
encies was unknown and, of course, ignored.

It follows from this that few, if any, of the properties given in
the following pages should be considered as final or complete.
Fortunately, however, in much of the published work the effect
of only one variable was investigated and the other variables
were, perhaps unwittingly, kept constant For example, if an
investigator determined the effect of tempering temperature
on the tensile properties, it is usually safe to assume that his
specimens were all from the same heat and probably from one
single bar in the heat. This would, of course, reduce greatly
the chances for large varnations in composition, in melting,
refining, pouring, and rolling practice, 1n adventitious impurities,
in non-metallic inclusions and gas, in grain size, and 1n segregation.

Thus, the properties correlated in the following pages should
show trends due to certain variables with fair accuracy. Most of
the data reported in this volume are of this type. Comparisons
of the data of one investigator with those of another—a few
such comparisons are made—are of exceedingly questionable
reliability. General conclusions on the effect of such broad
variables as the melting practice and a few others cannot be drawn
with any degree of accuracy from the data available, statistical
analysis should assist in making such conclusions more reliable.

C. TENSILE TESTS

One of the most important factors for the rehability and
reproducibility of mechanical-property data 1s the method of
testing. Although this and other monographs of the series are
not concerned with testing per se, some mention of testing methods
is justified, especially as the interpretation of the data presented
in these monographs, and the comparison of these with other
data, cannot be made readily unless some details of the testing
methods and their effect on the results are known.

Testing methods may be divided broadly into two classes: (a)
standardized and (b) unstandardized tests. In the case of the
former, it usually is not necessary to report all of the testing
details; with unstandardized tests, however, full details of the
method, including a description of the specimen used, are impor-
tant and should always be reported together with the data



INTRODUCTION 13

obtained. Unfortunately in many of the reports in the literature,
even in some of the most comprehensive ones, this 1s not done.
In this event a reviewer of the literature has the alternative of
ignoring such reports, or of accepting the values reported as
comparable among each other on the assumption that the
original investigator at least maintained uniformity of method
and specimens throughout his investigation.

After careful consideration it was decided to devote some space
in the later chapters of this monograph to methods of making
such unstandardized tests as those for hardness, impact, endurance
(which is now standardized to a greater degree than some of the
others), creep, damping, corrosion, deep drawing, machinability,
and wear. In some of these—for example, machinability and
wear, where the data obtained depend solely upon controlling
closely every testing condition and are valid only for those condi-
tions—the very nature of the subject precluded any more than a
brief discussion of the tests and their practical value, if any;
in other cases more details could be given.

8. Methods Used for the Determination of Tensile Properties.
The four static properties (tensile strength, yield strength,
elongation, and reduction of area) are determined by methods
which are fairly well standardized. - Although there are many
variables in making these tests which need to be defined more
carefully, the uniformity in the determination of these four
properties, throughout the world, is sufficient—at least in com-
parison with such tests as those for machinability, wear resistance,
and the hike—so that results obtained in one country are com-
parable with fair accuracy with similar results obtained on like
material in another country.

Much valuable work has been done on the standardization
of tensile testing in this country by the Committee on Mechanical
Testing of the American Society for Testing Materials.* Partic-
ular attention has been paid to the dimensions of specimens, to the
speed of testing, and to the determination of the property loosely
termed, especially in the older literature, elastic limit, propor-
tional limit, or yield point.

* The following specifications have been 1ssued: E8-33; E6-32T; E4-33T;
E9-33T These have recently been reviewed by R L Templhn, chairman
of the Section on Tension Testing, i1n Metal Progress, February, 1935, pp.
29-32. !
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Tensile Strength.—Although the absolute accuracy of tensile
strength depends upon the dimensions of the specimen, the speed
of testing, the sensitivity of the machine, and the alignment of the
specimen in the machine, the values for this property as reported
throughout the world probably are as accurate and as comparable
as the values for any mechanical property. It is not possible to
give the probable amount of error in the tensile-strength values
reported in this and the other monographs of the series; 1t may,
however, be assumed that, when the tensile strength of a steel is
reported as 33 5 tons per sq. in., 52.7 kg. per sq. mm., or 75,000 lb.
per sq. in., 1t has an actual tensile strength not far removed from
these values.

Yield Strength —The yield strength has been defined by the
American Society for Testing Materials as the stress at which a
material exhibits a specified lhimiting permanent set. This
is measured by determining from the stress-strain diagram the
stress necessary to produce a set of 0.2 per cent; or, for ductile
materials, by the drop of the beam of the testing machine or by a
pair of dividers. The methods for the determination of yield
strength are standardized and are reproduced 1n practically all
metal specifications and handbooks of testing

Yield strength, determined 1n routine testing by the drop
of the beam or by dividers, was formerly called yield pont;
this term is still used widely in the Umted States and England.
The German property ‘‘Streckgrenze,” always here trans-
lated as yield strength, 1s the drop-of-beam yield point or the
stress producing a set of 0 2 per cent.

The only other value similar in character to yield strength
used in this series of monographs is proportional hmit, which is
defined as the greatest stress which a materal 1s capable of
developing without deviation from Hooke’s law. As the propor-
tional limit, when determined carefully from the stress-strain
curve, is for all practical purposes the same as the elastic limit, the
latter term is not used at all. Parenthetically 1t may be said here
that the values for elastic limit in the older reports, especially
as determined in routine testing laboratories, are actually drop-of-
beam yield points and so are always reported as yield strength.
Practically, the proportional limit, as used in these monographs,
is a special yield-strength value in which the limiting set is not
measurable with the instruments used and, hence, is considered
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to be zero. In a few proportional-hmit values in the following
chapters the limiting set was 0.05 per cent

The yield-strength values reported in these monographs may or
may not be comparable. In most German reports the limiting
set for this value is known; in the other reports it usually is not
known and so may not be comparable with values given in Ger-
man reports. In general, however, the values in any one report
are comparable with each other.

Elongation —Elongation values are directly comparable only
when the cross-sectional area of the specimen bears a fixed
relation to the gage length In the Umted States the gage
length of round specimens which differ from the standard
0.505 X 2-1n. test bar 1s calculated by the formula

Q@ =45VA

where (F1s the gage length and A the cross-sectional area in square
inches So long as all specimens conform to this relationship,
elongation values are comparable

Values determuned on U. 8. A. standard round specimens
(0.505 X 2in.) which have a cross-sectional area of 0 2 sq 1n are,
however, not comparable with the values obtained on standard
British specimens having a diameter of 0 564 1n., a cross-sectional
area of 0.25 sq. 1n., and a gage length of 2 1n.

Two types of round specimens are used in Germany, the long
specimen, with a diameter of 20 mm (0.787 1n ) and a gage length
of 200 mm. (7.8751n.), and the short specimen with a diameter of
20 mm (0.787 in) and a gage length of 100 mm. (3 937 1n)
The elongation values obtained with these specimens are not
directly comparable with British or American values as the
formulas for the German specimens are

Long:

G =113/4
Short:

Q = 5.654

where A 1s given in square millimeters.
The standard round specimens used in France have a diameter
of 13.8 mm. and a gage length of 100 mm. The formula is then

G =8V4
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All the elongation values reported in this series of monographs
were, unless otherwise specifically stated in the text, obtained on
U. 8., British, German, or French standard round specimens of
the dimensions given on the preceding page.*

Reduction of Area.—As values for the reduction of area are
expressed as a percentage of the original area, all such values
obtained on standard round tensile specimens should be roughly
comparable,

D. STATISTICAL METHODS APPLIED TO MECHANICAL
PROPERTIES

For many years workersinsuch diverse fields as physics, biology,
sociology, insurance, business administration, and many others
have made use of statistical methods to analyze the large volume
of numerical data accumulated in these fields. The use of sta-
tistical analysis has many advantages It largely. eliminates
the personal factor in the interpretation of test data; it supplies
important information which can be obtained only with great
difficulty, if at all, by other means; it frequently shortens greatly
the time necessary to interpret correctly a large volume of data,
and 1t gives important information on the character of the varia-
bles present, whether they are or are not beyond the control of the
investigator.

9. Importance of Statistical Analysis.—The 1mportance of
statistical analysis for the ferrous and non-ferrous metal indus-
tries has been realized only in the last few years. This is shown
by the growing literature on the subject, mostly published smce
1930. It is out of place here to review this literature or to give a
comprehensive bibliography, but the work of Daeves at the
Vereinigte Stahlwerke in Germany, of Shewart at the Bell

* For a more detailed discussion of elongation than 1s given here the
reader is referred to C A Bertella: Sulle prove di tensione der metall.
Relazione fra l’allungamento di rottura e le proporzioni delle barrette
(Tensile Tests of Metals. Relation between Elongation and the Proportions
of the Test Specimens), Giornale del Genro Cunle, v 60, 1922, pp 343-368,
who n 1922 developed a formula which expresses the precise fundamental
relationship between cross-sectional area, gage length, and elongation  This
formula has been discussed by R L. Templin. Effects of Size and Shape of
Test Specimen on the Tensile Properties of Sheet Metals, Proc Am Soc
Test Mat, v. 26, part 2, 1926, pp 378-402, and by D A. Olwver Proposed
New Cnteria of Ductiity from a New Law Connecting the Percentage
Elongation with Size of Test Piece, Proc. Inst. Mech. Eng., 1928, pp. 827-864.
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Telephone Laboratories, New York, of Committee E-1 of the
American Society for Testing Matenals, and of the British Stand—
ards Institution should be mentioned.*

Earlier in this chapter 1t was emphasized that practically
every factor in the production of a finished steel section is subject
to variations and that these vanations affect the properties.
There are, perhaps, a few properties of iron-carbon alloys which
can be stated in absolute terms—specific gravity, heat of fusion,
thermal conductivity, and the like—but only a few; in the case
of most of the important engineering properties the best that can
be done for any specific class of commercial iron-carbon alloy is
to give an approximation. When a steel maker says that he will
supply deep-drawing sheet with a tensile strength of 50,000 to
55,000 Ib. per sq. in. he means that the material he produces with
his standardized practice has a strength within this range most of
the time; but he knows that there will be a relatively large number
of heats, and-occasionally a few sheets of the same heat, which will
have strengths above or below the required hmits. This istrue,
not only of tensile strength, but also of all the other important
engineering properties

* K Daeves has published a large number of papets in the German tech-
nical press and has summarized much of his work 1n his book, “Praktische
Grosszahl-Forschung” (Practical Statistical Investigations), VDI Verlag,
Berlin, 1933, 132 pp W E Shewart 1s author of a large number of papers,
and his book, “Economic Control of Quality of Manufactured Product,”
D Van Nostrand Co, In¢, New York, 1931, 501 pp, 1s a broad and com-
prehensive discussion of the whole subject  The ¢ Manual on Presentation
of Data’” published 1n August, 1933, and the supplements to this manual
1ssued later 1n the same year by the American Society for Testing Matenals
give methods of applying statistical analysis to the interpretation of test
data Other papers which should be mentioned are the elementary dis-
cussion by R F. Ferguson on “The Interpretation of Plant and Laboratory
Test Data,” in J. Am Ceramac Soc,v 13, 1930, pp 354-362, and the paper
(of great practical interest to steel men) by W C. Chancellor on the “ Apph-
cation of Statistical Methods to Metallurgical Problems 1n the Steel Plant,”
i Proc Am Soc Test Mat, v 34, part 2, 1934, pp 891-919 Just pub-
hished by the British Standards Institution 1s a 160-page booklet on “The
Application of Statistical Methods to Industrial Standardization and
Quality Control”’ (No 600, November, 1935) A well-known standard work
is R A. Fisher’s “Statistical Methods for Research Workers,”” Oliver and
Boyd, London, 5th ed, .1934, 333 pp All these publications contain
teferences to earlier and 1n some cases to mathematical dissertations on
statistical theory. !
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Obviously then, it should be of vital importance to be able
to tell with accuracy whether this variation in properties repre-
sents a normal variation resulting from chance and 1s to be
expected under given controlled conditions of operation, or
whether it is due to assignable causes which can be traced to
their source and thus perhaps placed under control. It is the
object of statistical analysis to tell this.

According to Chancellor*

it is undoubtedly true that variabulaty in connection with steel making
and relationship between steel-making variables constitute major prob-
lems in this field. [This is as true for variables which affect mechanical
properties as it is for the variables which aliect melting and refining ]
There 18 a general tendency to deal with averages in speaking of steel-
plant problems, and in spite of the fact that average values are very
often satisfactory, the variation over and under the average constitutes
the real source of the difficulty A knowledge of the degree of var-
ability and some conception of the causes of such variabihty will help
matenally in defining and classifying steel-works problems

10. Statistical Methods Applied to Mechanical Properties.—
It is impossible, 1n the space available in this chapter, even
to touch upon the fundamentals of statistical analysis This
is not necessary, however, as these methods are clearly outlined
in nearly all the works cited in the footnote on page 17.
In brief, statistical analysis consists in arranging the data (for
example, tensile-strength values) in numerical order and determin-
ing the arithmetic mean and the standard deviation from this
mean. (The standard deviation is the square root of the mean
of the squares of the deviations of all of the observations.) When
only a few observations are available, these are usually plotted
in a dot diagram; when a larger number of results are at
hand, these are divided into groups, usually 15 to 25 1n all, and
the number of observations falling in each group is counted up.
This number is the frequency and 1s used 1n plotting the familiar
bell-shaped frequency diagram. (See Fig. 4, page 44 )

In the usual frequency diagram most of the valués are clustered
around the central value in the upper part of the bell, and the
values which differ greatly from this central value are very
much fewer in number. This distribution is so nearly universal

* Op. ait , see footnote p 17
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that it 1s called the normal distribution. It has been found that
the standard deviation from the arithmetic mean has the same
significance for all normal distributions. Only one result
in three will have a deviation greater than the standard, thus
67 per cent of all the values will be within the upper part of the
bell of the frequency diagram and will include the mean plus or
minus the standard deviation. Deviations greater than twice
the standard will occur in one out of each 23 values, and deviations
greater than three times the standard will occur once in 370
specimens.

The frequency curve and the standard deviation can be used
to disclose many important facts which would be overlool.ed in the
ordinary routine examination of a large number of test results and
a sumple average value of these results. A single example will
illustrate this. Suppose that over a period of a week low-
carbon sheet made by the regular practice had an average tensile
strength of 50,000 lb. per sq 1n. and a standard deviation of
1500 Ib. per sq in, or 3 per cent. Suppose further that the sheet
made the following week, apparently by the same practice, had an
average tensile strength of 50,000 Ib. per sq. 1n, but that in this
material the standard deviation was 1800 lb. per sq. in., or 3.6 per
cent. A cursory examination of the individual test results would
probably show no more ‘“freaks” than in the previous week’s
production, and the average tensile strength of all the specimens
18 the same. The change 1n standard dewviation has, however,
indicated that somewhere between melting and testing the fimshed
sheet the practice has actually changed.

Chancellor summed up the question of the use of statistical
methods 1n the steel plant by saying:

The advantage 1n uking a statistical analysis lies 1n the more exact
formulation of the conditions to be corrected, since detectable and non-
detectable causes of variation are differentiated and efforts can be
efficiently directed either toward better control of the old process or
adoption of a more satisfactory one, as indicated by the results of such
statistical analysis.

The value of statistical methods in analyzing steel-works data
has frequently been emphasized by Daeves;* some of Daeves’
actual data are quoted in Chapter IV,

*0p cait, see footnotep 17.



CHAPTER 1II

VARIABLES AFFECTING THE PROPERTIES OF CAST
STEELS

Steel Castings as Industrial Products—Testing Methods and Heat
Preatment—Solidification, Recrystallization, and Shrinkage—Effect
of Chemical Composition on Properties—Effect of Swze of Casting and
Location of Test Specvmen on Mechanical Properties—Author’s
Summary

The steel-melting furnaces of the United States produce, in a
normal year, between 40 and 50 million tons of molten metal all
of which is teemed into molds and solidifiesas cast steel. Between
97 and 98 per cent of this production is cast into ingots, which
are processed further into a large variety of hot- and cold-worked
products. The remainder, varying usually from 800,000 to
1,500,000 tons, is poured into sand or metal molds which are of
the shape desired for the finished product When the casting
has solidified, it is placed into use without any mechanical
treatment.

Although the properties of cast steel are generally considered to
be inferior to the properties of a mechanically worked material of
similar composition, the ratio of production of steel castings to
hot- and cold-worked products has remained substantially con-
stant for many years. There are two reasons for this. First and
most important: steel may be cast into sections of such intricate
shape that their production by rolling or forging is either impossi-
ble or prohibitively expensive. Second: for the manufacture of a
limited number of pieces of irregular cross-section, castings are
cheaper than mechanically worked material of the same size and
shape. It is only by a large production of the same piece that
the high cost of forging dies can be distributed so that forgings
can compete in price with castings.

Cast steel is of interest to the metallurgist, steel worker,
and steel user for two equally important reasons: (1) it is a
valuable industrial finished material and (2) it is the intermediate
product for all wrought steels and, consequently, variations in its

20
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structure and properties may be reflected in the structure and
properties of the hot- or cold-worked sections made from it.

Before reviewing the mechanical properties of cast carbon steel,
it is advisable to consider in this chapter the method of taking
test specimens and the heat treatment of castings, as well as the
factors which may affect the quality of the castings and thus
directly or indirectly affect the properties.

To prevent ambiguity in the following discussion, the terms
cast steel and steel casting are defined as follows:

Cast steel, a commercial iron-carbon alloy containing less than
1.7 per cent carbon, melted, and poured into a mold of any mate-
rial, size, or shape. Cast steel may be used commercially in the
form in which it is cast or it may be worked hot or cold into an
industrial product.

Steel casting, cast steel which has been poured into a mold of
the shape desired for the finished product and 18 so used indus-
trially without any mechanical treatment

A. STEEL CASTINGS AS INDUSTRIAL PRODUCTS

According to Hamilton,®?® the production of steel castings
in the Umted States began about 1867. In early production,
dry-sand molds were used; green-sand molds were not developed
until about 20 years later. The peak production of steel castings
was 1,585,000 tons in 1929.*

11. Manufacture and Use of Steel Castings.—The various
steel-making processes were described briefly in Chapter I of the
first volume of this monograph. In general, the same processes
are used for melting steel for castings as for ingots, but the fur-
naces, especially in the case of the open-hearth, are smaller. The
production of castings distinguished by processes varies slightly
from year to year but is distributed chiefly between the acid and
basic open-hearth and the electric process, as the percentages for
two typical years indicate (see tabulation on page 22).

The bulk of the tonnage is produced in the open-hearth furnace,
although the electric-arc furnace is becoming a more important
factor. The increase in use of electric-arc furnaces, especially
those with an acid lining, may be attributed to their flexibility,
particularly in temperature control, and to some extent to the
relative ease with which the furnace atmosphere can be varied.

* Annual Statistical Report of American Iron and Steel Institute, 1931.
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Percentage of
total
Process production
1928 1933
Basic open-hearth 31 4 250
Acid open-hearth 37 6 38 2
Electric 28 6 35 8
Bessemer 23 09
Crucible 01 01

One of their most important advantages is their small s1ze whicl
readily permits economical intermittent operation. This advan
tage is especially marked during periods when demand for casting
is relatively small.

High-frequency induction furnaces, which have become impor
tant in melting steel for high-grade alloy- and tool-steel ingots, ar:
finding use in the production of high-alloy castings, especiall;
those of low carbon content. This has recentiy been described b;
Middleton. (%3

Most of the electric furnaces used for melting steel for casting
have an acid hining. The choice of a lining for open-hearth fur
naces, especially those used for large castings, depends chiefl;
upon the preference of the furnace owner, and upon the location o
a plant with reference to sources of raw materials; an acid lining 1
ordinarily used when an adequate supply of high-grade low
phosphorus scrap is available, and basic when the melting stocl
requires considerable refining.

In the introduction to this chapter it was mentioned that stee
castings can be used advantageously when their intricate shap
makes the use of forged or rolled sections impossible or uneco
nomical, or when there are so few pieces needed that the high uni
cost of forging dies is prohibitive. In addition, there are som
industrial applications for carbon steel where bulk or weight i
more important than strength, so that the lower mechanica
properties of the cast material are compensated for by the greate
cross-section. When these conditions prevail, castings are use
because they are cheaper.

Castings are used in a great variety of industries andin
wide range of weights and sizes, from a few ounces to 200 tons o
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over, and from a few inches in the maximum dimension to engine
beds 65 ft. or more in length. While the railroads have been the
largest users of steel castings, at the present time sizable tonnages
are also used for agricultural, excavating, and oil-well machinery,
road-building and steel-making machinery, electrical machinery,
and machine tools.

12. Necessity for the Heat Treatment of Steel Castings.—In
Chapter VII of the first volume of this monograph 1t was stated:
“the Widmanstatten structure [coarse, angular structure found
in castings] 1s associated with brittleness even in steel castings
of low carbon content, and one of the primary reasons for the
annealing or normalizing of steel castings 1s to eliminate this
structure.”

The date of the first use of heat treatment is uncertain.
According to Hall,**® the Taylor-Wharton Iron and Steel Com-
pany marketed in 1909 the first heat-treated carbon-steel castings
manufactured in America. Hamilton,* however, and Bull*
stated that in 1898 a Chicago company was heat treating cast-
steel car wheels

When heat treatment was first used, the castings were simply
annealedt or normalized, but this was soon followed by more
complicated treatments, such as normalizing followed by anneal-
ng, normahzing followed by tempering at a high temperature
(usually just below the critical range), a double normalizing
followed by tempering, and others. Quenching in a hquid
medium has also come into extensive use, probably due to the
increased 1ntroduction of alloy castings which require rapid
cooling to develop their potential properties Lorenz®*® stated
that quenching of alloy-steel castings in water or oil 1s capable of
developing tensile- and yield-strength characteristics at least
50 per cent higher than those typical of the metal in the normalized
condition, without appreciable loss 1n ductibity.

Lorenz also stated that in his experience with many thousands
of tons of steel castings which had been given a water-quenching
treatment the scrap was only a few hundredths of 1 per cent and
“these cases could invariably be traced to prior causes.” While

* Private communication.

t Throughout this volume the term ‘“‘anneal’” 18 used to designate the
operation of heating to above the critical temperature and cooling slowly.

This treatment 18 the one designated in A.S.T.M. specification A119-33 as
¢“full anneal.”
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it is well known that benefits from a hquid quench of alloy-steel
castings are greater than in the case of carbon-steel castings,
Lorenz reported that ‘‘hquid-quenched low-carbon steel castings
are being produced in considerable tonnages at the present time
(1932).” Mitchell®® also emphasized the importance of the
water-quenching treatment for medium-carbon steel castings and
presented the supporting data shown on page 65 and in Fig. 7,
Chapter I1I. Gregg!®'” reported interesting results obtained by
water quenching locomotive-wheel centers; this is also discussed
in the next chapter.

The use of high temperatures in tempering normalized or
quenched steel castings as a means of improving the ductility
has been advocated by MacPherran and Harper,'?9 Harper and
Stein,*22 Lorenz,(2%8.549 and others MacPherran and Harper
showed that by tempering as high as 700°C. (1290°F ) good ductil-
ity could be obtained with specimens drilled from castings which
weighed up to 100,000 Ib. The improved ductility was attributed
largely to spheroidization of the cementite. Similar conclusions
were reached by Harper and Stein, Lorenz, and others. In some
cases the castings have been heated to just above the lower critical
point as a means of hastening the spheroidization of the cementite

13. Specifications for Steel Castings.—Current specifications
for carbon-steel castings have been 1ssued by the American Society
for Testing Materals, the Society of Automotive Engineers,
the U. S. Government (Master Specifications), U. S. Army, U. S.
Navy, and the American Railway Association. Most of these are
collected in the 1933 volume of" specifications issued by the
National Bureau of Standards.(**¥ The American Society for
Testing Materials, the U. S. Government Master, and the U. S.
Army Specifications give the following minimum mechanical
properties for the three common grades of castings:

Tensile Yield Elonga-
2 Reduction
Grade strength, | strength, tion in of aren
b per Ib per 2m, ’
per cent
8q 1n 8q 1n per cent
Hard . 80,000 36,000 17 25
Medium 70,000 31,500 20 30
Soft 60,000 27,000 24 35
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The Society of Automotive Engineers specifies the same tensile
strength and yield strength, but the elongation for the three
grades is 15, 18, and 22 per cent, and the reduction of area, 20, 25,
and 30 per cent. Some specifications have a minimum cold-bend
value of 90 deg. for the medium and 120 deg. for the soft grade.
Some specifications give minimum mechanical properties for
special castings, in addition to those for the three common grades,
although it is the general practice to leave these unspecified.

Most specifications give the maximum permissible content of
sulphur and phosphorus as 0.06 and 0.05 per cent respectively.
For acid steel a higher maximum phosphorus content, 0.06 or
0.07 per cent, is necessary. The maximum manganese, when
specified at all, is 0.80 or 0 85 per cent with 0.50 per cent minimum
specified 1n one case. Only two specifications give silicon con-
tents; these are 0 20 per cent minimum in one and 0.40 per cent
minimum in the other.

As minimum mechanical-property values are given in most of
the specifications, the carbon content 1s usually not included.
The customary percentage ranges from 0 50 per cent for hard
castings to 0 15 per cent for soft castings. Formerly, manganese
and silicon as well as carbon percentages were not given. The
inclusion of these two clements 1n some recent specifications was
commended by Bull*4» as a means of making the production of
sound castings more easily possible All authorities however are
not in agreement on this point For example Merten(¥® con-
cluded that silicon should not exceed 0.20 per cent in large
castings. Bull maintained that carbon, manganese, and silicon
must be considered collectively, and that foundrymen should be
free to adjust these elements to meet the physical requirements
specified by the purchaser.

B. TESTING METHODS AND HEAT TREATMENT

The method of casting the test specimen is a subject which has
received much attention and some experimental study. This
problem does not appear to be serious in the case of the smaller
castings but becomes of increased importance in larger castings.
Foundrymen, metallurgists, and testing engineers are agreed that
small specimens attached to large castings or separate blocks
are not representative of the large castings in either structure or
properties as cast and cannot be made so by the same heat treat-
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ment. The problems of gating and feeding the test specimen
when attached to the casting must be given consideration, so as
to produce a sound test specimen and at the same time avoid
inducing unsoundness in the casting to which 1t 1s attached.
Since longer holding times at the heat-treating temperatures
are required as the size of the casting increases, and higher
temperatures are also generally employed, it is evident that either
the specimen might be overheated or the large casting might be
underheated when they are given the same heat treatment.
The method of casting the test specimens was discussed at length
by Rosenhain(®®® and others without reaching complete
agreement,.

14. Test Specimens and Method of Testing.—The test speci-
mens are generally required to be attached to the casting or a
block representative of the casting and are not to be removed until
the heat treatment 1s completed. In small and therefore inex-
pensive castings test specimens may be cut from the casting when
this is satisfactory to the manufacturer. The tensile-test speci-
men is 0.505 in. in diameter and has a 2-in. straight gage length
with 14-in. radius at the shoulder The bend-test specimen is
6 in. long and has a cross-section of 1 X 0.5 1n with the corners
rounded to a radius of not over 1{g 1n.; it is required to bend
around a pin 1 in. in diameter by the amounts specified without
fracturing the surface in tension

The yield strength is usually determined by the drop of the
beam of the testing machine. The maximum speeds of the cross-
head of the testing machine are usually specified, the common
values in inches per minute for the yield strength and the tensile
strength being 1¢ and 1.5 respectively.

16. Variable Methods of Taking Specimens.—In an effort to
solve the problem of the difference in structure and properties
of large castings and of the small test coupons attached,
Merten®® and Harper and Stein?? resorted to the use of core
drills to take test specimens from the heavy sections of castings
or from comparable sections of test blocks as a means of determin-
ing the properties of the metal in such castings. Obviously, all
large castings cannot be cored for test specimens, and the problem
then resolves itself into two possible procedures: (1) to cast test
blocks with sections comparable to the heaviest section of the
casting, and examine specimens from different parts in such a way
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that an estimation of the properties of the casting can be made;
(2) to cast a standard-size test block with the specimens attached,
and from the properties found in these specimens and proper
size factors estimate the mechanical properties of the casting.
The latter method requires adequate knowledge of the effect
of size and of the necessary heat treatments to produce certain
probable properties in large castings. In each procedure as
much consideration must be given to design, gates, risers, etc.,
of the test block as is required for sound castings.

Some interesting experiments by Heinrich on specimens cut
from axle housings and on separately cast test castings are dis-
cussed on pages 43 and 44, where other data on the relation of
size of section to the properties and to the required heat treat-
ments are given

16. Heat Treatment.—Some of the standard specifications for
steel castings require that the castings be heat treated, others
do not The following heat treatments are recognized by the
American Society for Testing Materials:* (a) annealing, (b)
normahzing, (¢) normalizing followed by reheating, and (d)
quenching followed by reheating The American Society for
Metalst included another heat treatment, ‘“‘double normalizing
and annealing,” in which the castings are first normalized at
relatively high temperatures, 870 to 1095°C. (1600 to 2000°F.),
tor the purpose of homogenizing the structure, after which they

TABLE 1| —RECOMMENDED ANNEALING AND NORMALIZING TEMPERATURES
¥OR CARBON-STEEL CASTINGS

ASTM* ASM ¢
Temperature Temperature
Carbon, Carbon,
per cent oc oF per cent °oC o

Up to 0 40 900 1650 | 0 15 to 0 40 | 870 to 930 | 1600 to 1700
040to 0 60| 850 1560 | 0 40 to 0 60 | 845 to 870 | 1550 to 1600
Over 0 60 830 1525

* Standards, 1930, part 1, p 417.
t “Metals Handbook,” 1936, pp. 735-737
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are annealed at only slightly above the critical temperature to
refine the grain.

Recommended temperatures for single annealing or normaliz-
ing castings of different carbon contents are given in Table 1.

It is generally recommended that castings be held (soaked)
at the above temperatures 60 min. for each inch in maximum
section to provide for thorough heating and completion of the
desired structural changes. Only two specifications (A.S.T.M.
A27-24 and A95-29) definitely prohibit quenching the castings in
a liquid medium.

17. Radiographic Examination.—While none of the specifica-
tions for steel castings includes radiographic examination, it is
well known that castings for special types of service are being
purchased subject to satisfactory results from radiographic
tests of each individual casting or of a certain number of repre-
sentative castings from a lot. Both X-rays and gamma rays are
being used. Radiographic testing has served as a means of
inspection for acceptance and as a research tool in developing
sound castings. The applications of radiographic methods
have been discussed by numerous authors; e.g, Lester,(1*®
Pullin, (280.404,480.55) St John,%3® Briggs and Gezehus,#41%49 and
Mehl. 54

Isenburger®% stated that when the same thicknesses of cast
steel and wrought steel are X-rayed, an exposure that is correct
for wrought steel will be too long for cast steel and ascribed this to
a difference in density. He found this particularly evident when
the material 1s over 2 in thick.

C. SOLIDIFICATION, RECRYSTALLIZATION, AND SHRINKAGE OF
STEEL CASTINGS

Because of their importance in steel castings, some of the
phenomena observed in the sohdification, cooling, and heating of
iron-carbon alloys require special consideration. The hot work-
ing to which wrought alloys are subjected eliminates, or at least
tends to eliminate, the cast structure in such products and at the
same time helps to modify the secondary structures. As a result,
the wrought steels are usually more responsive to the various
heat-treating operations.

18. Solidification.—The solidification of iron-carbon alloys
has been discussed in Volume I, Chapters II and XI, of this
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monograph~—In steel castings containing less than about 0.30 per
cent carbon the first product to solidify is delta iron, which reacts
peritectically with the liquid phase at about 1490°C. (2715°F)
For the lower carbon alloys (up to about 0.20 per cent carbon),
this reaction results in the completion of the solidification.
In the higher carbon alloys, the delta phase disappears and leaves
gamma iron in equilibrium with the molten metal. The influence
of the peritectic reaction on the properties of steel castings is not
known. It is known, however, that in the solidification of steel
castings characteristic structures are produced which are referred
to as casting structure, ingotism, and the like.*

Solidification begins at the mold surface and progresses inward;
thus crystals form at the surface of the casting and grow inward.
The size of these crystals increases with the size of the casting
and with decreased rates of cooling. The first crystals to form
are relatively pure iron, and the last material to solidify is richer
in carbon and impurities. In castings, the growing crystals may
take the form of columnar crystals or dendrites, leaving the
surrounding or filling-in material high in impunties. Ewvidently,
this produces a segregated structure which usually affects the
properties of the steel castings when they are tested in the cast
condition and 1s shown by relatively low ductility One of the
important functions of heat treating steel castings is to homog-
enize this segregated structure. Since the size of the crystals
ncreases with increase in the sohdification interval and, therefore,
with increased size of castings, it follows that longer periods of
time must be provided in heat treating large castings than is
necessary for small castings. High heat-treating temperatures
also aid in diffusion and, therefore, speed up the homogenizing
process. The above consideration helps to explain why it is
necessary to use longer soaking times or both longer times and
higher temperatures in normalizing or annealing steel castings
than in the case of wrought steel of the same analysis. Homoge-
mzation is especially important in castings of heavy sections.
While hight castings and small test specimens such as 1.25 to
1.5 in. sq. bars may have a comparatively fine grain as cast and
respond readily to grain-refining heat treatments, it is quite
another problem with heavy castings which may require first a

* These structures an-d their causes have been discussed in considerable
detail in Volume I, Chapters VIII and XI, of this monograph.
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homogenizing treatment to overcome segregation and a further
treatment at a lower temperature for grain refinement.

19. Distribution of Inclusions.*—Not only 1s the above type
of segregation important in determining the properties of steel
castings, but the rejection of solid non-metallic inclusions to
the grain boundaries or the spaces between the dendrites may also
be highly important. If such inclusions are uniformly distributed
and in rounded masses, they may be comparatively harmless, but
if they occur as films on the grains or as more-or-less continuous
“stringers around the grains, they may matenally reduce the
ductility and in some cases make it impossible to overcome their
harmful effects by any heat treatment The form and distribu-
tion of these defects and of gas cavities seem to be particularly
important in determining the ductility of steel castings as cast
and their response to heat treatment. These relations were
studied by Sims and Lillieqvist,®? Harper and Stein,(12? McCrae
and Dowdell,(%81.392 J,orenz,(268.543) and others

20. Shrinkage Cavities.—The solidification of steel results in a
decrease in volume—about 5.5 per cent according to experiments
by Benedicks, Berlin, and Phragmén®'® and calculations by
Honda and Endo®"®—and since the casting solidifies from the
outside inward it is evident that molten metal must be fed to the
casting to compensate for this shrinkage, or there will be porosity
at the center of the casting. The foundryman recognizes these
conditions and intends to provide an adequate supply of mol-
ten metal by using suitable heads of metal in risers attached to
the sections which will be last to solidify. Briggs and Gezelius(59
attributed ‘‘internal hot tears’” to solidification shrinkage.
Shrinkage, cavities, and porosity cannot be corrected by heat
treatment. Itisimportant that castings be sound after sohdifica-
tion is complete, and that they do not contain excessive amounts
of inclusions distributed so as to affect seriously the ductility of
the casting or of such character and distribution that thewr
embrittling effects cannot be removed by suitable heat treatments.

21. Gas Evolution.—Gas evolution at some stage in the solidi-
fication of steel castings may also be a source of trouble. While
steel for castings isintended to be thoroughly killed before pouring,
there is evidence to support the belief that certain gases are more
soluble in the molten than in the solid metal and that they are

* See Volume I, Chapter XI, for a detailed discussion of inclusions.
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liberated during solidification. Hydrogen and carbon monoxide
or gases formed by their reaction with oxides in the metal are the
most likely offenders. Entrapped air may also produce porosity.
The evolution of gas, even in small amounts, during the solidi-
fication of a casting must result in entrapping som.e of the gas,
thus producing voids in the final castings. Sims™? has recently
discussed the causes of the porosity which are ascribable to the
metal 1itself. Gas evolved from the action of the hot metal on the
mold causes surface defects such as pin holes. Pin-hole trouble is
more common in green-sand than 1n dry-sand molds.

22. Recrystallization and Grain Refinement.—The recrystalli-
zation of steel castings takes place as they are cooled through the
cntical range, as has been outlined in 1ts general aspects in
Volume I.* At the upper critical temperature (Ar;) the separa-
tion of the ferrite begins, and if the cooling 1s sufficiently slow, the
ferrite forms at the boundarnes of the onginal austemite grains,
forming a continuous network, while pearlite forms within the
austenite grains when the lower critical temperature is reached.
This relation applies to the cooling of the casting in the mold or to
any subsequent cooling from above the upper critical tempera-
ture. The size of the network structure depends upon the size
of the original austenite grains from which it forms. This type of
structure is characteristic of castings which have been annealed
and cooled in the furnace

If the cooling rate through the critical range is sufficiently
rapid, the ferrite separates along crystallographic planes in the
austenite grain and gives rise to what is known as the Widman-
statten structure T Material showing this structure may have
higher tensile and yield strengths but is likely to be lower in duectil-
ity. It is generally found in the original casting and 1n castings
which have been normalized, although with light castings and
especially with those of higher carbon percentages normalizing
may prevent extensive separation of the proeutectoid ferrite and
may produce a fine pearlitic structure. When high ductility is
required, it is customary to reheat these castings to just below
or even into the critical range, which spheroidizes the cementite

*See Chapter II, section 27; Chapter IX, section 111; Chapter XII,
section 152. .

t Described 1n detail in Volume I, Chapter VIII, section 107, of this
monograph
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and greatly increases both the static and impact ductilitics. The
advantages of such reheating treatments have been emphasized
by MacPherran and Harper,*?» Harper and Stein,12» Merten,?'3
Mitchell,**® Lorenz,?*® and others.

Repeated heating and cooling of castings through the critical
range tends to further refinement of the grain, and as 1s pointed
out in section 11 of this chapter, double and triple heat treat-
ments are employed in order to meet special requirements.

When the maximum grain refinement and optimum mechanical
properties of steel castings are sought, a water or oil quench from
above the upper critical temperature should be employed when
the design and character of the casting permit such a treatment
without danger of cracking or undue stressing The use of a
hquid quench for castings of medium carbon 1s especially bene-
ficial, because these castings show marked improvement in
properties and are less likely to be damaged than the higher
carbon castings. Some investigators maintain that all castings
which are to be subjected to a hquid quench should first be thor-
oughly annealed; other authorities are not in agreement with this.
The use of hot water and the removal of the castings from the
quenching bath while still hot are sometimes recommended when
there is danger of cracking. Most castings subjected to a hquid
quench should be tempered, the tempering temperature depend-
ing upon the requirements with reference to strength and ductility.
For maximum ductility the tempering should be just below the
critical range

Hatfield 7% showed; for two cast carbon steels, the variation
in properties, especially 1n ductility, which may be produced by
variations in heat treatment. His data are given on pages 55,
56, 63, and 64.

23. Shrinkage of Steel Castings.—There are three kinds of
shrinkage involved in the production of steel castings: (1) decrease
in the volume of the molten metal before solidification begins,
(2) decrease in volume during solidification, and (3) the net
contraction of the solidified casting as it cools to room
temperature.

The first and second should be provided for in good foundry
practice by keeping the mold full of molten metal and by feeding
molten metal to the last sections to solidify until solidification
is completed. The contraction of the casting during cooling is



VARIABLES AFFECTING CAST STEELS 33

unavoidable and must be provided for in the pattern. Since steel
solidifies at a much higher temperature than cast iron—1530 to
1480°C. (2785 to 2695°F.) as compared with 1300 to 1150°C.
(2370 to 2100°F.)—and since there is no graphite formation,
1t follows that steel castings will show greater shrinkage. It 1s
common foundry practice to provide for a pattern shrinkage of
14 . per ft. for steel castings as contrasted with 1§ to 345 in. per
ft for cast irons

A comprehensive study of the shrinkage of steel castings has
been reported by Korber and Schitzkowski, 26 who determined
the shrinkage of specimens 450 mm (17 7 in ) 1n length and 20, 30,
40, and 50 mm. (0 79, 1.18, 1.57, and 1 97 in.) in diameter. The
method used 1in determining the shrinkage was that previously
described by Wust and Schitzkowski®® and provided for auto-
matic recording of the shrinkage curve, the temperature of the
specimens was determined by placing a platinum—platinum-
rhodium thermocouple 1n the gate just above the specimen

The compositions of the steels investigated were reported as
follows:

Composition ranges, per cent
Steel
C Mn S1 ‘ P S
Acid open-hearth 028to |0 26to|0 22to |0 063 to | 0 036 to
0 50 0 69 0 60 0 106 0 085
Basic open-hearth\ 015to |0 49to |0 32to |0 014to | 0 021 to
0 39 0 80 0 47 0 047 0 045

Three series of tests were made on the acid steels and two on
the basic, as follows:

Series 1. Shrinkage determinations on straight round bars of
acid steel, cast in green-sand molds.

Series 2. Tests on bars with end plates or ﬂanges about
100 mm. (3.94 in ) greater in diameter than the bars. The A,
B, C, and D specimens were cast in green-sand molds, which
offered little resistance to contraction, while the A’, B, C’, and D’
specimens were cast in a special dry mold, which offered high
resistance to contraction of the specimens. Both acid and basic
steels were used.
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Sertes 3. A round bar with end flanges was cast with the
dimensions shown in Fig. 1. Four round rods were placed
between the flanges with a clearance which would permit a
definite contraction. This contraction, n, was 2, 4, 6, 8, 10, and
12 mm (0.078, 0.156, 0.234, 0.315, 0.394, and 0.472 in.).
The rods were placed so that one-half of the contraction, n/2,
occurred at each flange. Both acid and basic steels were used.

The results of the tests of series 1 are given in Table 2 and
shown 1n Fig 2. It is evident that the smaller bars contract
much more rapidly, but all show the same final contraction.
The more rapid contraction of the smaller sections has an impor-
tant bearing on hot-shrinkage cracks in castings of irregular sec-
tion. The contraction above and below the lower critical
temperature was about equal.

TABLE 2 —SHRINKAGE OF ROUND-BAR CASTINGS OF AcIiD OPEN-HEARTH
STEEL SERIES 1*

Diameter Shrinkage, per cent Casting temperature
mm n Total To Ar, |Below Ar, °C °F
20 079 2 20 119 101 1480 |* 2695
30 118 218 121 0 97 1460 2660
40 1 57 2 13 1 06 107 1450 2640
50 19 2 16 120 0 96 1490 2715

* Korber and Schitzkowsk (263)

The results of the tests of series 2 are given in Table 3. It
is significant that, when the cast bar is not free to contract during
cooling, cracks form, and in all these cases fractures result.
Even when about 80 per cent of the normal contraction took
place, one specimen fractured. These data also have an impor-
tant bearing on the danger of cracking small or light sections
between larger ones. The danger of cracking the casting when
the mold offers high resistance to shrinkage of the casting is also
evident.

The results of tests of series 3 are not reported in detail here,
but they showed that, unless considerable contraction was
provided for, the castings fractured; the minimum percentage of
shrinkage which did not cause fractures was 1.75 for the acid steel
and 1.54 for the basic steel.
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Over the range of casting temperatures of 1450 to 1510°C.
(2640 to 2750°F.), there was only shght vanation in the shrinkage
of the casting, but the tendency was for the shrinkage to increase
as the casting temperatures increased. No difference between the
shrinkage of the acid and the basic steels was noted. A shrinkage

TABLE 3 —SHRINKAGE OF CaAsT Bars witH FrLangeEp Enps SEeriEs 2*

Diameter Casting tempera-
Speci- | Shrinkage, ture Condition of
ment per cent casting
mm m °C °F
Acid open-hearth steel

20 079 A 2 03 1470 2680 | Not broken
A’ 0 34 1460 2660 | Broken

30 118 B 2 13 1500 2730 | Not broken
B’ 0 61 1470 2680 | Broken

40 157 C 2 07 1480 2695 | Not broken
c’ 0 89 1460 2660 | Broken

50 197 D 219 1470 2680 | Not broken
D’ 178 1490 2715 | Broken

Basic open-hearth steel

20 079 A 199 1480 2695 | Not broken
A’ 0 55 1450 2640 | Broken

30 118 B 210 1460 2660 | Not broken
B’ 0 43 1440 2625 | Broken

40 157 c 210 1500 2730 | Not broken
c’ 0 50 1500 2730 | Broken

50 197 D 2 08 1480 2695 | Not broken
D’ 091 1485 2705 | Broken

100 3 94 E 2 20 1510 2750 | Not broken

* Kérber and Schitzkowska (263)
t Specimens 4, B, C, D, cast in green-sand molds Specimens 4’, B’, C’, D’, cast in
special dry molds '
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of 14 in. per ft. corresponds to 2.08 per cent, which is in good
agreement with the average values reported in these tests.

The effect of chemical composition on the shrinkage of steel
castings has been summarized by Korber and Schitzkowski(26
as follows:

0 1 per cent carbon decreases shrinkage 0 03 per cent

0 1 per cent manganese 1ncreases shrinkage 0 006 per cent
0 1 per cent silicon incireases shrinkage 0 011 per cent

0 1 per cent phosphorus decrcases shrinkage 0 031 per cent
0 1 per cent sulphur decreases shrinkage 0 034 per cent

The above data were considered to apply up to the maximum
values of carbon 0 5, manganese 1.0, silicon 0 8, phosphorus 0 1,
and sulphur 0 1 per cent, and 1t 18 obvious that for the variations
n the compositions found 1n steel castings the chemical composi-
tion has only a minor effect on the shrinkage. While the chemical
composition may have some influence on the propensity of the
castings to show shrinkage cracks, 1t appears that the design and
the molding practice may be of greater importance.

Briggs and Gezelius‘®¥ studied the solid shrinkage of steel
castings and concluded that ‘‘external hot tears” are due to the
stresses introduced during the carly stages of the solid shrinkage
and that such cracks occur at temperatures above about 705°C
(1300°F.)

The First Report of the Steel Castings Research Committee(62
devoted much space to the importance of shrinkage in various
forms, particularly with reference to the effect of design. It
stated: ¢“In the present state of development of the steel castings
industry 1t is therefore not too much to say that the next essential
step in progress is in the design of castings.”

The importance of design and its relation to shrinkage and the
production of sound castings were emphasized by Briggs and
Gezelus,® Heuvers,®® Lorenz,®4¥ and Bull.(44%

D. EFFECT OF CHEMICAL COMPOSITION ON PROPERTIES

The chemical composition of the steel determines the potential
properties of the casting. There are so many other contributing
factors, however, that it is not possible to predict the mechanical
properties of castings in either the cast or the heat-treated condi-
tion. The factors other than chemical composition which influ-
ence the mechanical properties of steel castings may be grouped
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under the general heading of foundry practice, which includes
character of the material charged into the furnace, melting and
refining practice—deoxidation, recarburization, pouring tempera-
ture, special addition agents—kind of molds, gating, risers, and
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finally the size and design of the casting or test coupon. There
are some differences due to the melting process, but frequently
other factors are more important.

24. Carbon.—If other conditions are equivalent, the tensile
and yield strengths, proportional limit, and hardness of cast steels
increase as the carbon content increases. This increase is almost
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directly proportional to the carbon content, but the relation is
not exactly linear so that it cannot be represented accurately
by a simple equation. The effectiveness of heat treatment in
increasing strength also depends upon the carbon content; for
example, the increased strength resulting from hardening and
tempering a 0.50 per cent carbon steel is much greater than the
increase in strength of a 0.25 per cent carbon steel similarly
treated

Delbart(®Y compared the tensile and yield strengths of wrought
and cast steels as a function of the carbon content (up to 0.50 per
cent carbon); his curves are reproduced 1n Fig 3. The castings
were cast in 40-mm (1.57-in ) blocks in dry-sand molds. The
other elements 1n the cast steels were of nominal amounts (0 25
to 035 per cent silicon, 0 60 to 0 80 per cent manganese, and
0 050 per cent phosphorus and sulphur). Both wrought and cast
specimens were slowly cooled 1n the furnace from the annealing
temperature  Further information regarding the effect of the
carbon content on the mechanical properties of steel castings
may be had by comparing the properties reported in Tables 9,
11, 14, 16, 20, and 23 of Chapter III.

Unsoundness 1s generally more prevalent in the low-carbon
castings (not over 0 21 per cent carbon; see page 52) if together
with the low carbon there are also low manganese and silicon.
Increasing the carbon content in steel castings generally results
also in decreasing the ductility as indicated by lower elongation,
reduction of area, and impact resistance. These effects are more
pronounced in the higher carbon (above 0.35 per cent) castings 1n
the cast or normalized condition. Proper heat treatment, espe-
cially reheating slightly below the lower critical point, aids
materially in improving the ductility of these higher carbon steel
castings.

26. Manganese.—Manganese is recognized as an element
which contributes to soundness of castings, and at least a nominal
manganese content (0.30 to 0.50 per cent) is generally considered
necessary, although it has been shown by Becket*3® that sound
steel can be produced without manganese by the use of some
substitute such as zirconium. As stated on page 25, the man-
ganese content of castings is frequently not specified, but in
some cases a maximum of 0.80 to 0.85 per cent is indicated,
while in one instance (A.S.T.M. Specification A95-29) a minimum
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of 0.50 per cent is given. Bull®'» expressed a preference for
minimum rather than maximum values for manganese, contend-
ing that at least certain amounts are desirable for safeguarding the
soundness of the castings. In larger amounts, manganese may
be considered as an alloying element, as in the case of steels
containing from 1 to 1.5 per cent manganese. Even when the
manganese is mncreased only to the higher amounts found in
carbon-steel castings it increases the strength. It is good prac-
tice to consider the sum of the manganese and carbon and to
avoid running high on both in a given heat of steel. Manganese
18 further beneficial in counteracting certain harmful effects of
sulphur.

26. Silicon.—Silicon, lhke manganese, contributes to the
soundness of castings, being considered a more active deoxidizing
agent. Specifications usually permit the foundryman to vary
the silicon content, but maximum (0 40 per cent) or minimum
(0 20 per cent) contents are specified in a few instances. Silicon,
when enough is present, may increase the strength of the casting
Merten,® 1n a paper on large castings, reported that the best
properties were obtained when the final silicon was below 0 20 per
cent, but Bull, in discussing this report, maintained that good
castings were obtained with higher silicon contents and quoted
White, 7" who had formerly recommended that the silicon in
steel castings should never be less than 0.20 per cent. Thus
the function of silicon in steel castings seems to be understood,
but the optimum amount seems to be debatable, probably
depending upon other conditions, such as the amounts of carbon
and manganese present and possibly upon the size of the
casting.

27. Phosphorus.—The amount of phosphorus permitted in
steel castings is somewhat higher than in the corresponding
wrought material and ranges from 0.050 to 0.080 per cent. Low
phosphorus is generally recommended as a means of safeguarding
against cold-shortness in steel castings. Langenberg,™7¥ as a
result of tests on normalized and tempered and on quenched and
tempered specimens, concluded that increasing the phosphorus
affected the impact resistance more than tensile properties and
that there was a pronounced drop in the impact resistance
between 0.060 and 0.070 per cent phosphorus. Bull®!? favors
holding the phosphorus to 0 050 per cent maximum, until it is
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established that higher amounts can be used with safety.* In
basic-furnace practice there should be no difficulty in keeping
the phosphorus below this limit. Fenstermacher® reported
on the analyses of 59 heats of open-hearth carbon-steel castings
produced during a single month, in which the phosphorus ranged
from 0.048 to 0 012 per cent with an average of 0.022 per cent.
In acid-furnace practice more care must be exercised in the
selection of the melting stock in order to keep the phosphorus
within specification limits, which are sometimes slightly higher
than for basic steel.

Phosphorus tends to raise temsile and yield strengths with
corresponding reduction in elongation and reduction of area.

28. Sulphur.—The specification maxima for sulphur range
from 0.050 to 0.080 per cent. The object in keeping down the
sulphur content of steel castings 1s to safeguard against red-
shortness and segregation. Since the Joint Committee on Inves-
tigation of the Effect of Phosphorus and Sulphur in Steel™
reported that 1t could find no relationship between serviceability
and a sulphur content in the steel as high as 0 09 per cent, some
question may be raised regarding the necessity for some of the
present requirements, and Bull expressed the opimnion that soon
the maximum will be set at 0.06 per cent 1n such aceredited speci-
fications as now set the maximum himit at less than 0 06 per cent.

Both phosphorus and sulphur must be broadly regarded as
objectionable impurities i steels, but their limits should be
established on an economic basis of the cost of materials and the
required properties.

29. Other Elements.—Other elements which may be present
in carbon-steel castings within the limits set for this monograph
may be considered to have negligible effects on the mechanical
properties. A possible exception must be made in the case of

* Gillett,"*® in a comprehensive summary on phosphorus as an alloying
element in steel, concluded that (in wrought steels) ‘‘the exact mechanism
of phosphorus embrittlement remains obscure, and one cannot yet predict
the phosphorus limit 1n an alloy steel within which 1t is satisfactorily tough
and beyond which 1t 18 impact-brittle without actual trial . . . At some
high-phosphorus content, varying according to the carbon and alloy com-
position . . room-temperature impact resistance will drop, and this 18
still more marked at subnormal temperatures. This occurs at phosphorus
contents below those at which static ductility or formability are seriously
affected.”
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aluminum, not because of the presence of metallic aluminum
but because of the effects of its reaction products. The effect
of aluminum additions on the mechanical properties of steel
castings has been studied by many metallurgists and foundrymen.

Lorenz, in discussion of McCrae and Dowdell’s paper,3®?
reported, as a result of 60 tests on specimens of open-hearth
ste