FCP Repoxt No. 15

REVIEW OF THE MECHANICAL PROPERTIES OF CAST STEELS
WITH EMPHASIS ON FATIGUE BEHAVIOR AND }
THE INFLUENCE OF MICRODISCONTINUITIES

by

M. R, Mitchell
Department of Theoretical and Applied Mechanics

ABSTRACT

Mechanical properties of cast steels are dependent on the microdiscontinuities
which they inherently contain. Although at lower hardnesses the strength of steel
castings may not be significantly altered by microdiscontinuities, their ductilities
and impact resistance can be drastically reduced.

In a similar way, the fatigue behavior of cast steels is pronouncely altered by
the size, shape and distribution of microdiscontinuities. A proposed course for
future research on cast irons in general in which a means of predicting their fatigue
behavior accounting for variations in matrix strength and the morphology of the

microdiscontinuities is presented.
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Introduction

Cast steels are generally considered mechanically inferior to wrought steel
products due to the inherent microdiscontinuities* which they contain, However,
because of economic considerations and ease of fabricating complex geometries,
cast steels enjoy a prominent role in today's foundry industry, Many products,
such as locomotive frames, turbine shells, large gears for heavy earthmoving
equipment, ctc,, are made of cast steel, not by choice, but because they cannot
be economically or readily made by other fabrication techniques,

Melting processes and foundry practice for cast steels are quite similar to
those for the wrought products. The main difference in the cast products is that
they require greater amounts of deoxidizers in order to produce sound castings.
It is for this reason that the silicon and mangantese content is generally higher
than a wrought steel of comparable carbon content,

Herein lies the problem, for it is the melting and casting practice which
produces the origin, modes of formation, as well as the characteristics of the
nonmetallic inclusions and voids in cast gteels. Further, it is the size, shape
and distribution of these microdiscontinuities which governs the mechanical
response of cast steels and ultimately the response of wrought steels** which
have their beginnings in the cast ingot.

It is the intent of this report to review the available literature and to sum-
marize research on the fatigue behavior of cast steels with particular emphasis

on the influence of internal microdiscontinuities,

*Microdiscontinuities will be used herein to mean inclusions, porosities, blow-
holes, internal defects, voids, etc.

**Particularly those of high hardness.
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Source of Microdigcontinuity

(1)

conveniently defines the nonmetallic inclusions in cast steels as

Sims
exogenous; those formed by mechanical entrainment or heterogeneous reactions g
which have their prinecipal source in ladle refractories and endogenous: those
resulting from homogeneous reactions and formed mainly during solidification
of the molten metal.

Fndogenous inctusions are comprised principally of oxides and suifides,

The origin of the oxides being principally from deoxidizing reactions due to
additions made at the end of a2 heat, such as manganese and aluminum, while the
origin of sulfide inclusions is dependent on the content and solid solubility of sulfur
in the melt as well as the cooling rate of the casting.

Exogenous inclusions, on the other hand, are most prolifically obtained from
chemical erosion of ladle refractories. Ablation of furnace slag, particularly
acidic, and direct reaction between acid refractories and the manganese in molten
steel are the two major sources for silica type exogenous inclusions.

Although not considered inclusions per se, gas pores, microshrinkage,
cavities, ete., will be included in this paper as microdiscontinuities. Gas por-
osities, in general, are the result of solidification processes. When the meolten
steel begins to solidify (which occurs over a temperature range), the solubility
of dissolved gases decreases and they are subsequently rejected. Gases evolving
from what is still partially liquid and partially solid are trapped at solid-liquid
interfaces (i, e. dendrite arms).

In wrought steel products, which are generally hot worked from the ingot
stage, internal gae porosities with interfaces free of oxide coatings will "weld"
shut. Cast products, on the other hand, receive no subsequent working and gas

porosities generated during solidification are an integral result.




Size

Inclusion size depends primarily on the solidification rate of the casting.
An example of 5i 02 inclusions in an Ingot of electrolytic iron to which 0.5 w/o Si
was added is shown in Fig, 1(2). Near the rce‘z.l.ter of a éibw-cooled ingot, Si O2
inclusions of the size shown in Fig. la were found. Figure 1b demonstrates a
definite size decrease of these inclusions resulting from chill casting of the same
melt. Similar examples of the effect of cooling rate on the common inclusions in

cast steels (i.e. sulfides, oxides, silicates, etc.) can be found in Refs. 1 and 3

for the interested reader,
Flemings(4) maintains that these solidification phenomena are strongly de-
pendent on heterogeneous dendrite nucleation and multiplication during cooling
processes. For minimum inclusion size it is therefore desirable, from a foundry-
man's standpoint, to strive for minimal solldification time, This will minimize
dendritic arm spacing which is solely dependent on the cooling rate, Secondly,
dendrite multiplication during the latter stages of solidification may be accelerated
by agitation of the partially solid melt. In this way, primary and secondary den-
drite arms are broken preventing coarsening and thereby allowing additional sites
for primary dendrites to form. The spacing on these primary arms is much finer

than those formed during coarsening and the finished casting will therefore be of

superior quality from an inclusion and void standpoint,

ShaEe

Vast arrays in the shape of inclusions in cast steels are, of course, possible.

Examples attesting to this are shown in Fig. 2. For convenience, however, the
common sulfide and silicate inclusions are generally designated as Type I, Il and

Il, as shown in Fig. 3,

U



Silicate inclusions are generally spherical in shape. Sulfide inclusions,

however, can undergo a drastic morphological change, which is dependent on the

amount of aluminum added to the melt generally as a deoxidizing agent(a’ 5 6).

Figure 4a shows an example of 2 medium carbon cast steel (0. 28 w/o C) with
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no addition of aluminum. The inclusions consist of globular silicates and ‘I'vpe I
sulfides, With the addition of 0.015 w/o Af to the same heat, the Inclusions con-
sist of globular sulfides and slightly modified sllicates, Fig, 4b. Increasing the
aluminum content to 0.025 w/o, as in Fig. 4¢, produces no silicate inclusions
and only eutectic, Type I, sulfides. Finally, addition of 0.05 w/o Al results

in duplex sulfides or Type III inclusions( 5). Of greater importance when the mor-
phological change from globular sulfides to Type 1L cccurs, is that the'\fr relative
location in the microstructure also changes. The precipitation of the Type H sul-
fide eutectic is generally confined to narrow grain boundaries thus forming a net-
work. Similar eutectic networks of sulfide inclusions have been reported for cast

steels deoxidized with titanium(n and zirconium( 8). This phenomenon will be shown
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in a later section of this paper to have a pronounced degenerative effect on the

mechanical properties of cast steels.

Distribution

Since endogenous inclusions are the result of homogeneous reactions in the
cast steel melt, there is some element of time involved in order to achieve equi-
libriwn,  Given sullicient twe, sume of the reaction products would float out,
Nonetheless, because of the timé element and the way in which these inclusions
form, they are somewhat unifcrmlf dispersed on a macroscopic scale,

Turkdogan and Grange(g) ilustrate, however, that for initial levels of silicon,
manganese and oxygen in a cast steel, there is a carbon level above which gas por-

osities or blowholes occur resulting from ebullition of carbon monoxide. Such
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phenomena can lead to gross void segregations and nonuniform dispersions.
Figure 6a shows an example of 4 x 4 x 18 in - 100 1b ingots containing ~ 0.5
w/o Mn, 70 - 120 ppm O,, 0,01 - 0.04 w/o Si and 0.03 - 0.10 w/o !9, As
illustrated by the unetched cross sections at the top of the flgure, for a fixed

manganese content of approximately 0.5 w/o and O, concentration of approxi-
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mately 70 - 120 ppm, varying carbon and silicon contents may or may not result

in biowholes. Figure 6b shows a theoretically calculated "band" for Si and C
levels above which blowhole formartion does not occur and below which it will occur,
Results(g) for higher carbon and silicon contents are shown in Fig, 7. It should be
noted that the silicon levels shown in this figure are far below those common for

steel castings, however, some high strength low alloy wrought steels have com-

positions near the "blowhole" region.
On a microscupic scale microdiscontinuities are randomly dispersed. Entire
books have been written on this subject and no attempt will be made here to elaborate ,

further, The interested reader is referred to Ref. 11 for additional information.

Mechanical Propexties

Classification and Specification

Cast steels are generally classified in four gfoups according to their carbon
or atloy content:

(1) Low carbon with < 0.20 w/o C ;

(2) Medium carbon with 0.20 - 0. 50 w/o C

(3) High carbon with > 0. 56 w/o C

(4) Low alloy in which the total alloy content is < 8 w/o,

Other types of steel castings are also available, such as heat-resistant,

corrosion-resistant and austenitic manganese steels, but attention will be focused

here on the more common varieties.




Most commonly selected grades of steel castings in the low to medium carbon
variety correspond to (1) ASTM* 27 class 65 - 35 (65 ksi ultimate, 35 ksi vield
strength), QQ-5-681 Class 2** or SAE 0030*** and (2) high strength castings
which are often alloyed, fully heat treated or both, similar to ASTM 148 Class
105 - 85, QQ-~S5-681 Class 4C2 or SAE 0105,

Other common ASTM designations for cast steels are ASTM A 216 - fusion-
weldable carbon steels for high temperature service, A217 - ferritic alloy steels
for pressure vessels subjected to high temperature and corrosion, A 352 - ferritic
steels for pressure vessels for low temperature service and A 356 - ferritic carbon

and low alloy steels for beavy walled castings such as steam turbines(1%s 13),

A

summary of these and other steel casting specifications are shown in Table i(M) .
As with wrought products, cast steels may be fully annealed, normalized,

quenched and tempered, carburized, ectc. Often, to insure minimum hardness

in critical sections, hardenability may also be specified.

Typical ranges of mechanical properties under these specifications, depending

on composition and microstructure, are:

Ultimate strength (ksi) 60 - 260
Yield strength {(ksi} 30 - 210
% Reduction in area 65 - 6
Brinnell hardness 120 - 700

A particular advantage of cast steels ls that their mechanical properties do not
vary greatly with respect to direction. In this way they are unlike their wrought

countcrpart. Howcver, as will be shown, the morphology of microdiscontinuities

*ASTM - American Society for Testing Materials

**0QQ - Pederal Army Ordinance

#*SAE ~ Society of Automotive Engineers
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may have a pronounced effect on monotonic stress-strain properties, impact

resistance (viz-a-viz fracture toughness), and fatigue behavior,

Stren

Handbooks and similar publications(lzhls) generally state that cast, wrought,
rolled or forged steels of comparable hardness and hardenability will have approx-
imately the same tensile and yield strength and ductilities, * The longitudinal
properties of rolled or forged steels are somewhat greater than those of equiv-~
alent castings, but the transverse properties are lower by an amount proportional
to the degree of prior working. As a conscquence, when scrvice conditions impose
multidirectional loading, the nondirectional characteristics of castings may be an
advantage. |

Mechanical properties for cast steels are often obtained from machined test
bars or coupons cast as part of the casting or cast separately from the same melt.
Since (1) cooling rate and foundry practice have been shown to markedly influence
the microstructure of castings and (2) there is a mass effect shown in Fig. 8(12)
(common in most ferrous-based castings), it is a rash presumption to assume that
such test coupons adequately reflect the mechanical properties of the cast product.
For these reasons, it is advantageous to remove test bars from critical areas of

castings where minimum specifications must be obtained.

Effect of Carbon

Figure 9 summarizes the combined effect of carbon content and commonly
used heat treatments for low, medium and high carbon cast steels' 1%, As is
common in comparable wrought steels, increasing carbon content increases strength

but decreases ductility. Unfortunately, for an adequate comparative basis, Brinnell

*xcluding directionality in the wrought, rolled and forged products,



hardnesses corresponding to the specified heat treatments shown on the figure

are not given. It is reasonable that the curve of tensile strength for the water
quenched and tempered at 1200°F condition would be above that for the annealed
condition strictly as a result of presumed hardness differences (annealed being

leas hard). Reduction in areas would appear at first to be inconsistent with the
above reasoning (i.e. annealed being less ductile for equal carbon contents), It

is possible that a difference in grain size exists depending on the austenitizing or
annealing temperature as illustrated in Fig. 10. Sinclair and Dolan(lﬁ) have illus-
trated for cases in which the microstructure was essentially pearlitic, an increase
in prior austenitic grain size reduced ductility when compared to tempered mar-
tensitic structures. Also, the annealed samples in Fig. 9 would more closely
approach an equilibrium cooled structure in which the iron carbide would precip-
itate as lammela (pearlite), while the water quenched and tempered structure would
have essentially spherical carbides. Similar reasoning can also be applied to the
juxtaposition of the ductility curves for the normalized (part lamella, part spheroidal
carbide) and normalized and tempered (essentially spheroidal carbide). From

simply a localized plastic constraint standpoint, the pearlitic structure should

he less ductile.

Hardness

Ultimate strength in ksi of wrought steels is often approximated by taking

one-half the BHN as shown in Fig, 11(17’ 18).

(18, 19).

Superimposed on this figure are
data for cast steels Results for the wrought steels are closely approxi-
mated by this relation except at fairly high hardness (i.e. greater than approxi-
mately 500 BHN(ZO)) where the influence of inclusions is prominent. Cast steels

also follow this relation but appear to deviate at lower hardnesses (i, e, approxi-

mately 300 BHN). Observations made by McKenzie(ZI) for gray cast iron show



the UTS-BHN relation is totally inappropriate while "I‘estin(z"z ) noted that if the
ultimate strength is corrected for net cross sectional area (~ 10%), the relation
was applicable to nodular iron data for hardnesses to approximately 450 BHN.

Such a simplistic view does not appear applicable in the case of the cast steels.
Unlike nodular irong in which the area fraction occupled by graphite may range
between 6 to 14%(23) with an average of approximately 10%, the microdiscon-
tinuities in cast steels occupy approximately 0. 5%(24) of the area, What seems,
more appropriate is the influence of shape on the theoretical stress concentrating
effect of the "second phase™ particles.

If Type I1 sulfides in cast steels are approximated as ellipses(zs) as shown

in Fig. 12, the theoretical stress concentration factor, K, for a two-dimensional

t’
condition and axial loading is:

- 2a
Ke=l+vgm
DZ
I‘ —_ —
a
= 2
K, =1+ 2J;
where; a = semi-major axis
b = semi-minor axis
r = tip radius

with an ellipticity of four (a = 4b), Kt = 9, For the case of nodular iron, the

graphite is approximated with b = a; K_ = 3. Presuming that plastic blunting of

t
the nodules qnd Type 11 incluéions occur under an applied load. as illustrated in

Fig. 13, the stress concentratiﬁg effect of the nodule will decrease (r ——= w)

and approach unity (Fig, 13a), whereas that of the ellipse (Fig, 13b) wilt decrease
but still have a value greater than one. The degree of blunting is a function of matrix

hardness in both instances and, thus, the lower threshold value of the UTS-BHN rela-

tion for cast steels, since the shape of the inclusions are markediy different.
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Ductility
Inclusion shape is also responsible for drastic reductions in ductility of cast
steels(l’ 3, 5, 6). As mentioned in a previous section of this report, the addition

of aluminum to cast steels affects the morphblogical features of sulfides, To ilius-
trate this, Table 2(3) lists tensile and impact test results for a medium carbon steel,
with and without aluminum, cast In a variety of mold materials. Ultimate strengths
are approximately the same, however, ductilities of the cast steel with aluminum
additions are consistantly lower than without the aluminum.

Table 3(5) shows the effect of increasing the manganese and sulfur content of
a melt deoxidized with 0,05 w/o A{, Increasing sulfur contents progressively lowers
the ductilities and impact resistance without appreciable changes in strength. Increas-
ing manganese content increases both the yield and ultimate strength but has little
effect on ductility.

The effect of aluminum and sulfur are shown in Table 4(5). Clearly, with
other conditions essentially constant, addition of increments of aluminum to this
medium carbon cast steel produces an initial decrease in ductility and impact resist-
ance, Minimum values are then reached and further increases of aluminum cause a
recovery of ductility and impact resistance, Figure 14 shows the quantitative effect
of these additions, Additions of up to 0.25 w/o Af result in an almost full recovery
of the initial, "aluminum free" ductility. Even with no aluminum, the ductility and
impact resistance vary inversely with sulfur content as shown in Fig, 15,

Figure 4 reveals that the shape characteristics of the sulfide inclusions is
drastically altered because of the addition of certain weight fractions of aluminum.
In all cases cited above, the lowest ductilities and impact resistances are invariably
attributable to Type Il sulfide inclusions.

Occurrence of what is called intergranular fracture or "rock candy" fracture(%-zg)

has been directly traced to "chains of non-metallic particles” in cast steels. Originally
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thought to be caused by Type II sulfide inclusions, these networks were later shown
to be aluminum nitride precipitates at primary austenite grain boundaries. A definite
correlation was noted hetween the percent intergranular fracture of impact specimens
and the amount of aluminum added. Increasing the aluminum resulted in increased
percentages of intergranular fracture. Generally the aluminum content of the cast
steels was in excess of what would cause Type II inclusions and, as shown in Fig, 16,
cxcess nitrogen in conjunction with aluminum to form Af N precipitates in the grain
boundaries was the main contributor to the fracture behavior(zg). This phe.uomena
can be avoided by deoxidizing with titanium, zirconium or titanium-aluminum combi-

nations(27).

Fatigue Properties

_As indicated in the previous section, the properties of cast steels may he
improved substantially by controlling the nature (size and shape) of non-metallic
inclusions, voids, pores, etc. In this section the fatigue behavior of cast steels
will be reviewed with, again, particular emphasis to the influence of microdiscon-
tinuities,

A compendium of the fatigne hehavior of cast steels and comparable wrought
steels is presented by Evans, et al.(lg). Variables influencing the fatigue resistance
of cast steels which were investigated include (1) composition and heat treatment,

(2) surface finish, (3) directionality and (4) section size,

Composition and Heat Treatment

Effects of composition and heat} treatment on the fatigue properties of cast
steels are generally altributed to alteration of the tensile StIength( 12, 13, 30, 31).
Table 5 is the result of work on a variety of medium carbon steels including 1040,
1330, 4140, 4340, 8630 and others of varying alloy content(lg). The variation of

rotating-bending fatigue strength at 107 cycles with ultimate strength is shown in
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Fig, 17. These results indicate that composition and heat treatment have little
effect on the long life fatigue strength of cast steels of the same tensile strength

and that the unnotched fatigue ratio* is approximately 0.40 to 0.45. Note that as
tensile strength increases (Brinell hardness) there is a greater deviation from the
line for a fatigue ratio of 0,50, Vishunevsky and Wallace(sz) in a slmilar study of
cast 8630 (Ni-Cr-Mo) report fatigue ratios for quenched and tempered as well as
normalized and tempered, unnotched, rotating-bending specimens as low as 0.37.
In a later study Breznak, et al, (33) cite an endurance ratio for plate bending of 0. 13
for a quenched and tempered (Su = 138 ksi) 8630 cast steel with Class 6** shrink-
age and 0.17 for a similar strength steel but with Class 2 shrinkage.

Table 6 shows a summary. of their results, Steels No. 10 and 11 are ;adio-
graphically "sound" and No. 10 has a higher strength than No. 11. However, the
"endurance” ratio of No. 10 is 0.28 compared to 0.35 for the lower strength steel.
Even though considered radiographically "sound, " the composition of steel No. 10***
is within the region that Turkdogan and Grange(g) designate as "blowholes" (Fig. 7).
Secondly, the ductility of No. 10 was reported as 25.5% RA, which is consistent
with Sims and Dahles'(s) contention that Type II sulfide inclusions are possibly present.

Other interesting aspects shown in Table 6 are (i) that for equivalent compo-
sition and strength, the materials with the greatest severity of shrinkage have lower
"endurance” limits and ratios, (ii) materials with lower strengths (hardness) are
less prone to the degradation in fatigue resistance caused by internal defects,

(iii) the greater the strength (hardness), the lower the "endurance" limits and ratios

Fatigue strength at 10,7 cycles

*Fatigue ratio or "endurance" ratio = Oltimate tensile strength

**ASTM E-71

**%0, 35 w/o C; 0.21 w/o Mn; 0, 18 w/o Si; 0.69 w/o Cr; O, 74 w/o Ni; 0.40 w/0o Mo;
0.016 w/o P; 0,017 w/0 S; 0.19 w/o Af.
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(shrink class the same), (iv) shrinkage cavities extending to the surface of a bending
L specimen show a more pronounced decrease on the “endurance'; limit and rati_os.
| The last observation is an agreement with Turnbull, et al, (34) who conclude that
Q_ shrinkage porosities at or near the center of plate or bar steel castings have no
significant influence on bending fatigue strength and even severe, Class 2, shrinkage
at the surface results in a loss of only 20% compared to radiographically "sound"
samples. Unfortunately the hardness of the 8630 cast steels used in these experi-
ments was approximately 200 BHN and a significant decrease in fatigue strength
should not have been expected.

Many of the previously cited investigators(lg’ 32, 33, 34) have included as
E part of their programs, a study of the effect of geometric notches on the fatigue
. behavior of cast steels of various compositions and heat treatments, | Table 5 and
Fig. 17 show the results of Evans, et al.(lg) in which both the notched wrought and

notched cast steel data lie within the same banded region on the endurance limit

versus tensile strength plot. Results shown in Tables 7 and 8 for notched cast
steels(?’z’ 35) also fall within this band. Conclusions drawn by the authors are
(1) that the presence of geometric notches reduce the endurance limit of both wrought
and cast steels, (2) this cffcct is greater the higher the tensile strength (hardncas)
and (3) notches afféct cast steels less than wrought steels (i.e. cast steels are less
notch sensitive)(sé).

Conclusions (1) and (2) are well documented by Peterson for geometric

notches in wrought steels. Also, Fig, 18(37), which appears in an excellent review
(38)

by La Pointe on the role of inclusions on the fatigue behavior of steels, shows

that inclusions™® affect the fatigue resistance of even a moderate strength (125 ksi UTS)

steel. Since cast steels also contain microdiscontinuities, they are also "metallurgically”

*Depending on shape and size according to their Fairey Count.
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notched. By the common definition of the fatigue notch factor:

k. = Unnotched fatigue strength*
f = Notched Tatigue sn'engﬁ'tx_

conclusion (3) appears in error, since an a priori assumption that the cast steels
arc "unnotched" is obviously incorrect, A more representative fatigue notch factor
could be obtained by using fatigue data obtained from testing wrought steel of com-~
parable hardness, composition and structure to the matrix of the cast metal(sg) and

using this value as "unnotched fatigue strength."

Surface Finish

Burdon(3 1)

peints out that differenceé in fatigue strength due to differently
heat treated cast steels may be small when compared to variations it is possible to
obtain from varying the quality of the surface finish, Figure 19 demonstrates the
percent reduction in fatigue strength due to various surface finishes ranging from
fine polish, as the basig, to unmachined, As shown, with increasing strength
(hardness) of the castings, a proportionate decrease occurs in fatigue strength
ranging to as great as 70% reduction for a UTS of 200 ksi (approx. 400 BHN).
Evans, et al. (19) report the endurance limit is the same for cast steels with polished
and lathe turned surfaces, whereas for wrought steels the endurance limit is 22%
lowex for the lathe turned surface. For comparable lathe wirned surfaces, the
endurance limit of both wrought and cast steels is approximately equal, ** Unfor-
tunately surface residual stress measurements were not included in either of the

preceding reports for as Sinclair, et al, (40) demonstrate, residual stress influences

fatigue strength at long lives to a ;greauer degree than surface roughness.

*At some finite life, say, 107 cycles.

**The maximum hardness obtained for cast steels used in these tests was 375 BHN.
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Directionﬂlig

As mentioned previously, for wrought steels, the endurance limit is appre-
ciably lower in the transverse direction than in the longitudinal direction of priox
working, This is attributed to the elongation of inclusions in the direction of prior
working and the stress concentrating effect of 1oading normal to the major axis of
an essentially elliptical void. Cast steels, however, do not exhibit this directionality
since the microdiscontinuities have no preferential orientation. It 1s also common
practice to liken the fatigue resistance of cast steels to those of a comparabie wrought

gteel tested in a transverse direction(m’ 13, 19) .

Size (Mass)

Increasing size or mass of steel castings bas already been shown (Fig. 8) to
have a deleterious effect on mechanical properties. Since composition and hear
treatment were also shown to affect tensile strength and therefore fatigue strength,
it is reasonable to assume a similar decrease in fatigue resistance due to increasing
mass. Figure 20 demonstrates a trend to lower "endurance™ limits in passing from
the surface to the center of various cast steel sections(lg). if the "endurance” lirnit
were only dependent on tensile strength at various sections of a casting, a plot of
"endurance' ratio versus section size would be a horizontal line. Such, however,
is not the case as demonstrated by Flg, 21 for the 8635 N & T and Q & T condition.
Compared to the lower hardness (approx. 150 BHN} 1030 castings, there is a decrease
in endurance ratio with section size increase. It was concluded that grain size, increase
in inclusjon size and changes i\n microstructure produced this decrease, however such

"contributors' to this decrease were difficult to isolate.

Applied Stress System

(32, 33, 35)

Several papers include fatigue results from reversed torsion and

plate bending tests on cast steels. Invariably, theories of elasticity are employed
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for an homogeneous isotropic material with the hope of obtaining a constant rela-
tionship or ratio between the shear and tensile stresses causing fatigue failures.
Table 9 shows a comparison of the various yield criteria of failure for tension and

(41)

torsion tests*”"’. Presuming that at long lives there 18 "elastic" behavior, the pre-

dicted value of the fatigue strength in torsion to that in bending is:

0.5 (Max, Shear Stress)

T
o
o

]

0.577 (Max, Strain Energy)

s
o

1.0 (Max Normal Stress)

Cast steels are not homogeneous isotropic materials, They are internally
defected structures. So, for simplicity, assume a hole in an infinite plate subjected
to several modes of loading as shown in Fig, 22(42). A maximum two-dimensional
theoretical stress concentration factor of Kt = 3 exists in uniaxial tension* due to
the tensile stress field while Kt = -1 at the compressive stress ﬁeld(41). The
same is true for uniaxial compression but the stress fields change position by 90°.
For torsion (Fig. 22), an element at 45° to the shear forces will be described by
a superposition of the two aforementioned cases., In this instance the maximum
value of the theoretical stress concentration factor is, Kt = 4 for both the tensile
and compressive stress fields.

Fatiguc fajlure will initiate at the locadon where the stress concentration is
maximum, 'Regardless of the failure criterion used, the maximum stress (0'1) at
the initiation site will be the same because all yield envelopes cross at that point
as shown in Fig, 23(43). Consequently, the fatigue strength in torsion should be

3/4 that in bending (Fig. 24) presui’ning other factors constant, thatis:

FSt

>h

g

(with circular stress concentration)

*The stress stafe at the outer fibers of a plate in bending,
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Figure 25(35) shows a plot of "endurance” ratio in torsion (t) to that in bending
(b) for notched, wrought steels, Data points shown are from Ref, 44. Dashed lines
represent the distortional energy theory and maximum shear stress theory lines for
t/b = 0.577 and 0.5, respectively., The data points for the "drilled hole" show best
agreement o /b = 3/4 developed in the previous argument, Vee-notch specimens
(55° circumferential) deviate slightly, due to a difference in stress concentration,
but are still in better agreement with t/b = 3/4, In fact, from similar arguments

for elliptical holes in orientations producing the largest value of Kt in torsion defined

as

_ b
Kt-2[5+1]

where; b = major axis of ellipse
a = minor axig of ellipse
compared to bending will result in the limiting case as t/b = 1.

Cast metals have t/b ratios which vary between 0.7 to 1. 05(35) (avg. = 0.85)
and, as such, would also be in better agreement with the above concept (i.e., they
are "internally notched" to begin with), However, in an analysis of their results
shown in Table 10, Vishnevsky, ct al. (35), conclude that "all the points except
one lie above the Maxwell-von Mises criterion indicating that discontinuities present
in torsion are not nearly so damaging as they are in bending. " it is obvious from
Table 10 that the endurance ratios in torsion are lower than those in bending and
that the t/b ratio averages of 0.85 and 0.79 forthe Q & T and N & T condition

are also in agreement with the present argument,

Defects

Fatigue resistance of cast steels is dependent on the nature of internal micro-

discontinuities as can be surmised from the previous sections of this report. Par-
(45-51)

ticular attention to the works of de Kazineczy » who has published prolifically
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on this topic, will be made in this section, It will be demonstrated that the size,
shape and location of defects as well as the strength (matrix hardness) of the cast
steels governs fatigue resistance. A proposed course for future research, with
particular emphasis on a local stress-strain analysis, will also be presented,
From the work of Evans, et al.(lg) on the effect of section size, it was
postulated that the lower "endurance” ratio for specimens from the center of large
castings compared to specimens from the surface was due to microshrinkage
cavities, voids, cte. This was a rcasonable assertion since, as has been demon-
strated, increasing section sizes lead to decreased solidification rates which, in

turn, result in larger defect sizes. In earlier work, de Kazinczy(45)

investigated
defects at the origin of fatigue cracks of several medium carbon cast steels in
order to evaluate their effect on fatigue strength. To characterize the defects,
two parameters were used: (1) defect size - the diameter of the smallest circle
enclosing the defect originating failure as it appeared on the fracture surface, and
(2) the smallest distance between the defect and the specimen surface, Fracture
initiating defects were subdivided into four ranges (1) <0,02 in,, (2 (.02 to
0,06 in., (3) 0,06 to 0,12 in., (4)> 0,12 in, Table 11 shows the results of
these tests conducted with the probit test method(sz). Microshrinkage cavities
extending to 0,004-0. 008 in, below the specimen surface were the origin of failure
in 77%, of the tests, slag layers and sulfide inclusions accounted for 17% while
fractures due to spherical inclusions accounted for the remainder. Excluding
spherical defects, the endurance limit (cre) at 2 x 10'7 cycles for these tests as

a function of defect size (d in inches) was determined to be
i-1
O, = 28.5 (1+0.8d%) " kst

for an UTS range of 58-75 ksi.
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From the preceding equation, a value of 28,5 ksi would be a "defect free

endurance limit." Rearranging terms and defining the fatigue notch factor;

o

k. = _defect free endurance limit" _ "o
f “defect endurance limit" oe
1
Kf = {1+ 0,8d?)
From a maximum defect size of d = 0. 35 inches; K, = 1.5.

f

(53) with tensile strengths of approximately

Results from work on nodular iron
70-135 ksi in which microcavities from 0, 002-0.01 inches in diameter initiated
fatigue failures, showed fatigue notch factors of from 1.4 to 2.0. Weld fissures
with a diameter of 0,11 inches in a Ni-Cr- Fe alloy with an ultimate strength of
approximately 86 ksi caused a fatigue notch factor of Kf = 2, 3(54). De Kazinczy's
value of Kf, does not account for variations in the shape of defecfs Or matrix
strength (hardness) which have been shown(zo’ 22, 24, 36, 37, 39, 53-62) to influence
fatigue resistance of ferrous-based metals, Granted, the matrix hardness of the
cast steel in de Kazinczy's work is low (approximately 120-150 BHN) and fatigue
notch factors would be correspondingly low, however, it is inadvisable to employ
his results to higher hardnesses or ferrous-based castings with different defect
morphologies,

In an attempt to employ the equation of the form:

1.4
o, =0 (1+ ad?)
e o

where; Oy = "endurance limié" pf cast steel
o, = "defect free endurance limit"
= constant
d = diameter of smallest circle enclosing defect Initiating faflure
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de Kazinczy(49) partially accounts for defect geometry by introducing a second

constant. The equation is modified to the form:

g d% -1
o, =0, 1+
where; K = a constant representing defect geometry
Gy = yield strength

Thus, "a" from the previous equation is the quotient of o, to K. By plotting alter-
nating stress from probit tests results versus defect size, as typified by Fig. 26,
the "defect free™ value of o, is obtained. Solution of simultaneous equations result
in the notch effect parameter "a." Figure 27 shows the notch effect parameter
versus yield strength of the cast metals from several of de Kazinczy's papers as
well as ;;oints for a Ti-6 Af-4V alloy(ﬁs).

Noting that the fatigue strength of wrought steels is often related to tensile

strength, de Kazinczy introduces a third cquation:

_ pal/5
0.5 O = Tg = Rd

where; o ultimate tensile strength

B

1

a constant

Table 12 lists all constants in the above equations for tensile strengths from 65-

150 ksi, vani*ying specimen diameters, varlous load modes, defect types and loca~
tions, etc. Finally, a plot is made of endurance limit versus tensile strength as

a function of defect size (Fig, 28) and It is noted that the endurance limit reaches

a maximum depending on defect éize and ultimate strength (hardness), Figure 28

is quite similar to Fig, 29 in which Garwood, et al. (64) show a similar maximum

in endurance limit versus hardness for wrought steels. Note the maximum endurance
limit is dependent on carbon content (maximum obtainable as-quenched hardness) and

the Rockwell hardness at which the maximum endurance limit occurs increases with

carbon content,
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Assuming the inclusion size in the wrought steels to be constant, the maximum
obtainable endurance limit appears to be a function of the amount of retained aus-
tenite. Table 13 shows the maximum ams-quenched hardness (dependent on carbon
content)(ﬁs), the peak hardness at which the endurance limit occurred (Fig, 29)
and the volume percent retained austenite{%9), Figure 30 shows the relation of
hardness and retained austenite as a function of carbon content, It s possible for
the retained austenite to preferentially surround inclusions high in carbon (éarbides)
and upon straining transform to martensite. This would cause a self-induced com-
pressive stress to be produced on the inclusions due to the volume transformation
of ¥ —» martensite(67). As such, there would be a proportional increase in the
maximum obtainable endurance limit depending on the amount of retained austenite.

Although the peak endurance limit for the cast steels is more strongly dependent
on size of discontinuity, it is possible to take advantage of metallurgical transforma-
tions and improve fatigue performance. Cooling the castings rapidly results in a
decrease in the size of microcavities. Sulfide inclusions, however, will still be
present. As Turkdogan and Grange(g) demonstrate, the sulfide inclusions act as
nuclei for the precipitation for the ferrite phase during decomposition of austenite,
By surrounding lthe sulfides in a "softer, " more compliant material, the local fatigue
notch factor can be reduced thus improving the materials fatigue resistance.

Ouchida, et al. (62) further investigated the effect of defect slze on the fatigue
strength of carbon-steel castings with ultimate strengths of 65.6-74,7 ksi, As with
Briggs, et al, (35), one of the main conclusions in their research was that the fatigue
strength of specimens having drilled holes was approximately equal to cast specimens
having blowholes of the same (maximum) size, De Kazinczy(47) substantiates that

the largest defects are of major importance. His research on the effect of 2000° A

thick NbC precipitates showed that microshrinkage cavities were the initiation sites

for fatigue fracture in every sample tested,
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Conclusions and Recommendations

From the foregoing review, it appears that the fatigue' resistance of cast
steels is dependent on (1) size, (2) shape, (3) distribution of microdiscontinuities
as well as (4) the strength (hardness) and ductility of the matrix. In order to ade-
quately predict the fatigue resistance of cast metals, all these factors must be taken
in account.

Much ol our present understanding of the fatigue behavior of metals has been
gathered using smooth laboratory sampies of wrought products. Experimental
results are generally obtained by testing wrought metals at constant strain or stress
amplitudes until failure, Further the effect of geometric notches and their influence
on fatigue performance of metals is obtained by additional testing of notched members
of the same wrought metal and comparing the attainable "notched" and "unnotched"
stress or strain levels at a finite life,

In lieu of exhaustive and expensive testing, predictive techniques are employed
to quantitatively ascertain the "size” of the geometric notches, One of the more

(36)

popular is attributed to Peterson and is expressed as:

Kt -1
Ki‘ =1+ 1+ a/T
where: K, = fatigue notch factor due to a geometric notch.
Peterson’s expression employs the theoretical stress concentration factor,
(Kt) the Hp radius of the gecometric discontinuity (r) and a material constant (a)

which for most ferrous-based metals can be approximated in inches by(68)

' -1, 8
Sult. 1

- -3
a = MJ X 10

If fatigue results for unnotched and notched samples are available, it is often con-

venient to calculate the material constant (a) knowing the values or r and Kt‘
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From this, the fatigue notch factor for other size notches and other values of Kt
may be determined.

To account for plasticity effects at the "tip" of the discontinuity, Neuber(ﬁg)
proposed that theoretical stress concentration factor for a notch in a two-dimensional
statc of shear stress was equal 0 the geometric mean of the stress (Ko,) and strain

(KG) concentration factors:

Topper, et al. (70) extended Neuber's analysis fatigue to loading of notched specimens

by replacing Kt with Kf and inserting the expressions for Kcr and KE as

- 13 42
AS Ae

where: Ao and Ae = ]Jocal maximum stregs and strain ranges at the notch root
AS and Ae = nominal stress and strain ranges applied to a notch member

‘l'opper’s relation permits life data for notched and unnotched specimens to be plotted
as a master curve. With such a master curve, testing a single notch geometry will
allow estimates of the fatigue life for other notch configurations in the same material.

Mirche11(39) further extended Topper's analysis to cast metals which have
inherent microdiscontinuities or metallurgical defects. He treated the graphite
flakes in gray cast iron as "internal notches, " By fatigue testing both gray cast
irons and wrought steels matched in hardness, structure and composition to the
matrix of several different gray itons, he quantitatively assessed the fatigue notch
factor for various graphite mo#‘phologies and martrix hardnesses, A master plot

employing the aforementioned Neuber-Topper relationship was thereby produced.
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Proposal

From the preceding discussion it is deduced that a quantitative prediction
of the fatigue performance of cast metals requires extensive testing of comparable
cast and wrought metals., On the other hand, an a priori metallographic exami-
nation of the cast metal can be done to statistically describe the microdiscontinuities.
Using techniques similar to those developed by Schwartz and Saltykov(“),
it appears possible to extrapolate distribution curves for microdiscontinuities in
cast metals to ascertain the "largest, " Approximating "flake-shaped" flaws as
a pattern of ellipses, spherical flaws as a pattern of spheres, etc., as shown in .

rig, 31(7D

» a value of Kt can be obtained. A form of the equation for the material
constant (a} can be modified to:

l0.5 BuNiT-8 .3
a = | —! x 10 ¥ inches

‘L 300 ksi :

where the ultimate strength, which is "flaw" sensitive, is replaced by one-half the
matrix hardness. * Using the appropriate value of "tip" radius, r, K can be
determined by

l(t -1

Kf=1+1+a7r

Once this is accomplished, a Neuber -Topper master curve for the matrix steel
an example of which is shown in Fig, 32, can be determined from a predicted
strain-life curve(68) by the geometric mean of the product of the stress range,
strain range and modulus of elasticity at given life levels. Using the modified
equation:

1 1
2 - 2
K. (AS Ae E)? = (a0 Ac ES)

*The insertion of BHN in the equation does not imply that one should actually
perform a Brinell measurement. Matrix microhardness measured with a Vickers,
Knoop or other superficial indentors should be converted to an equivalent Brinell
number.
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where E

E
8

1}

and inserting the value of Kf previously

5 .

modulus of elasticity of cast metal

modulus of elasticity of wrought metal*

determined,’ a means of predicting the

fatigue resistance for the cast metal is accofnpllshed.

*These are substituted because in the assumption of nomjinally elastic response,

AS = Ae Ec, the equation reduces o K

f A5 = [Aa0 A€ Esjz
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TABLE 1.

General Types of Cast Steels

STRUCTURAL GRADES—CARBON STEELS

‘feproduced from Ref. 30 by permission of Steel Founders' Society of America, Rocky River, Ohio)

Tensile Strength, pai 40,000 65,000 70,000 80,000 85,000 100,060
Low electric resistivity,
desirable magnetic i .
Indicated properties cugrburip Excellent weldability, medium strength High strength carban steels with good Weor resistonce
Application ing and comn hardan. with good machinability ond high machinability, tougthnens and axcallant hardnos '
ing grades, proetfant ductility foligus resltancs, rendily weldoble
weldability
ASTM: AZT7 ASTM: A27 ASTM- A27 ASTAM A 149 SAE: Avtomolive JAL: Aylomolive
Lan.30 4335 7036 8040 Grode 0050A Grode 00508
80.30 SAE: Aulomotive 74-40 8030 Federal: QQ.5-481d Fedaral: QQ.5.681d
ASTM: A218 Grade 0010 ASTM: AT14 SAE: Autamotive Clas 00504 Class 0O50R
WCA Federol: QO 5.581d weB Geade 080
SAE: Automolive Clan £5.15 WC Faderal: QQ5.681d
Current Grode 0025 Lioyds: AAR: M201.53 Clow 80-40
ificati * AAR: t201 Clow A Clen B Milltary: MI1.€.150898&
Spoctfications Grads AU ASTI) AD52 Mifitary MILS130838 | Clarr 80-40
Grada Ak [Xe:] Cion 78.18 Class BO-5O
Militory: MILS- 150838 | Mifitary: MILS.150838 | ABS
Clan 8 Clays 6533 Grode 2
ABS: Fadere): QQ5.58%d
Greda 1 Clen 7028
Kyl
A Typical Specification for ASTH ASTAL ASTH: HILS- 150838 SAE: Automotive SAE Automotive
the Tensile Grade with Re- A27 427 A7 Clon 80-40 Grade 00504 Grade 00508
quirements listed below Class 4030 Claw 65 - 35 Clow 70 - 36
Alf values listed below are specification minimum values and opply enly to the typical specification listed
Tansile Strength, pui 60,060 65,000 70,000 80,000 85,000 100,000
Yield Point, psi 30,000 35,000 36,000 40,000 45,000 70,000
Elongation in 2%, % 24 24 22 17 16 10
Reduction in Area, % 35 35 30 25 24 i5 |
Brinell Hardnass No, — 1312 — 143 1703 207* [

Values listed directly below are thase normally exp

cted in the product]

of steel castings for the

tensile strength values given in ths upper pertion of the chart.t The valuss are only for
general information and are not to be used as design or specification limit vulues.

Temsile Strangth, psi 83000 | 8000 75,000 82,000 90,000 105,000
YieldPolet, pi ‘asoon 000 2,000 48,000 T osso00 75000
é;;lion i 2",-% ] r!r;m_ 29 27 23 - 0 19
R;duclion of. Ared, % 54 48 . '*'*“5" R Ab o 38 d:l
Brinell Hardness Neo. 131 - 13 143 1463 WLI;9W N N 775;; T
SE}SL'.’L& 70°F 12 35 30 a5 24 - 40
impact Fr-lbs  ~40°F 5 o2 12 1o 10 12 |
Endurance  Unnotched 30,000 30,000 35,000 37,000 39,000 45,000

Limit pst Norched 19,000 19,000 22,000 26,000 28,000 31,000
Madulus of Eh“"‘d',y 30 ':i:‘inﬂ 30 :"ii'lioﬂ' 30 :.iillion 3 -;::Iion 30 :iiilinn 0 :il;iiun
Machinability Speed M55 160 135 135 135 120 80

Index® Carbide 400 230 230 400 325 310
Type of Heat Treatment Annscled Mormalired Mstmalired u:‘;;:':::fd n:; ;:‘:':-':d mgut.:-:::fsd

* Summary of Steel Castings Specifiotions available at Steel Founders’ Society of America, Westview Towers -

Below 8 percent total alloy content.

i
2 Thars are commercial cast stechs available ot teisite sirength levels greater than 200,000 psi.
3 SAE Hardress requirement,

(Minimum)

21010 Center Ridge Road, Rocky River, Chio 44116

Froperties must be checked with the producers.




TABLE 1 (Continued)

ENGINEERING GRADES—LOW ALLOY STEELS'

45,000 70,000 I 80,000 $0.000 105,000 120,000 130,000 175,000 200,000
Certain steals of these classas have excellent high
Excellant weld. . . Desp hordening,
ability, fow tem. Excellant v:faldub”l!y. medium |err‘\peruiure propertios ond deep hardening prop- high strength., High strangth, waar resistance,
strength with high toughness and erties.  High resistance to impact, excellent fow . .
perature and P . wear reslitance | high hardness, and high fatigus
Figh tempera good machincbility, high tem. temperature propsrtiss for cartain steals, deop ond fatigue ra. aslstone
g pora- perature service hoedening properties, excallent ¢ombination of raslonce
ture sarvics h and tough 1okl siance
ASTHL At87 ASTM. AZI? ASTM: A143 t4B ASTM: A148 ASTM: At4g ASTM: AL4R ASTM AL4R Manw spacified
1R, L1 07 1) WL, WS, a0 40 105 83 13078 130179 175.143
ASTH- ADY2 WCh, WCY BO 50 ASTM. AT17 ASTH: A487 ASTHM: Ad97 SAE: Automstive SAE: Avtomutive
wC1 Miditary; ASTM: AdBY c3 1z 1@, 40, 3Q L] Grade DE30 Grode 0173
Militnzy: MIL 5 0708 MIL S 154840 N, TN ASTM A48 8Q, 7Q SAE Aulomotive Fedurnl 30004014 Fodural, QG 5 4814
Ctavies 1, 7 and 3} 342 Automoliva 90.60 N Grade 0120 Clon 150.525 Clen 175143
Grade 080 SAE: Aytomplive Faderc): QQ-5.081d | Federale QQ-3.881d | Militnry, M1L.5.150038
Federal: Q-S40 Grade D90 Clan 10583 Clony 72095 Class 155-12%
Clo 80-5¢ Faderal; QG .S.891d | Miliary: Mititary:
Militery: Ciais 90-60 MILS. 150878 MILS.150838
MILS-150038 AAR: MI01.47 Cloa 105.85 Claws 12095
Clous 80.30 Grade C SAE: Autamotive
Millrgry: Creds 0103
MIL.5.150838
Clots 70-60
ASTM: A2S2 ASTM: A297 ASTM, ASTM; ASTM: ASTM: ASTM) ASTh: Mone
Closs L€1 Class WCA Al40 AT4E Aldr ALl A% Atde . fad
ow Clav 80:50 Clan 90-60 Claws 10383 Clow 120.95 Clory 188128 Stere 178445 snscifie
All values listed below are spacification minimum values and apply only to the typieal specification listed
A5,000 70,000 80,000 P0,000 105,000 120,000 156,000 175.000 —_
35,000 40,600 50,000 40,000 85,000 95,000 125,000 145,000 —
24 20 22 20 17 i4 9 6 —_—
a5 35 s 40 35 30 22 12 —_
o p— 163? 1873 an 248° nis 363 _—
Values listed directly below are those normally expacted in the ductien of steel it for the
¥ P p

tensile strangth valuss glwen in tho vpper portion of the chart.® The values are anly for
general infermotion and are not to he used o design or specification limi volues,

48,000 74,000 86,000 95,000 110,000 128,000 158,600 179,000 205,000
30,000 42,000 54,000 64,000 91,000 112,000 142,000 160,000 170,000
32 3 24 0 Fal R 16 13 n 8
55 50 Aé LT 48 38 30 25 27
137 143 170 197 17 242 amn sz 4t
40 55 48 40 58 45 30 24 14
20 22 18 14 40 3t 17 12 8
32,000 35,000 39,000 42,000 53,000 42.000 74,000 04,000 80,000
20,000 23,000 25,000 31,000 34,000 37,000 44,000 48,000 50,000
39 million 30 million 30 million 30 miflion 30 milfon 30 million 30 million 30 milkien 30 million
psh pil pul el Pl o
130 120 1noe 95 90 75 45 35 —
400 230 240 290 310 180 200 180 _—
d lized Narmalited Normalized® Guenched Guenched hed Quenchad Guenched
and Tempared and Tempered * and fampered and Temparad ond Tampered ond Tempered and Tempered ond Tempersd end Tempared
Test values obtained in accardanen with ASTM tasting p duras. (Rel Iy large ings shaw luwes ductility values.)

Machinability speed index for o standard 18-4-1 high-speed
speed for one hour tool life based on 0.015.inch wearland.
Quench and temper heat treaiments may olse be employed for this cless.

steel tool is besed on cutfing speed which gives one hour tool life. For corbide (788) cuting




Average

Yield Ultimate Elongation izod
Point, Strength, Per Cent in Impaet,
ksi kai 2 In, % R. A, Ft-1b
Well dried dry sand moid, 47.3 78.9 31.5 a4, 4 37.0
No Af used. 47.8 79.1 31.0 54,9 '
Well dried dry sand moid, 50.6 79.6 26.5 38.2 3.0
0.05 per cent A? added. 47.9 79. 2 27.0 42.0 ’
Half dried dry sand mold. 40,2 79.5 31.58 57.0 37.0
No Af used. 47.2 79.5 30.5 54. 4 ’
Half dried dry sand mold, 51.0 80.3 26.5 37.6 99.0
0.05 per cent Al added. 51.3 79. 6 26.5 38.9 :
Air-dried green-sand mold. 47.3 79.3 32.0 51.5 38.5
No A? used, 45,1 79.4 31.5 "56.6 '
Air-dried green-sand mold, 49,7 79.0 26,0 36.0 27.0
0.05 per cent Af added. 48.9 79. 4 25.0 36.6 ‘
Moistened green-sand mold. 44.4 78. 8 31.5 55. 7 37.0
No Af used. 47.7 79.2 31.5 56.0 :
Moistened green-sand mold, 49.6 79.3 24.5 34.6 2.5
(0. 05 per cent Af added. 50.5 80.0 25.0 35.7 ’

Composition of steel: C, 0.278 per cent; Mn, 0,79; Si, 0.37; P, 0.030; S, 0.035.
Heat treatment: 1600°F. for 2 hrs. Cooled in still air.

TABLE 2 Mechanical Properties of Test Bars with and without Aluminum(s)
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Tensile Endurance

Steel Heat Strength Limit Endurance - E-71 ASTM
Na. Treatment*® ksi ksi Ratio Discontinuity
10 Q&T 136.5 38.0 0.28 Sound
11 N&T 83.1 29.0 0.35 Sound
12 Q&T 137.9 23.0 0.17 Shrink Clagg 2**
12 Q&T 137.9 18.0 0.13 Shrink Class 6**
13 A 91.1 22,0 0. 24 Shrink Class 2
13 A 91.1 21.0 0.23 Shrink Class 6
14 Q&T 134.5 36.0 0.27 Shrink Class 2
14 N&T 83.8 27.0 0. 32 Shrink Class 2

*Q & T = Quenched & Tempered; N & T = Normalized & Tempered; A = Annealed

**Shrinkage came to the surface of the specimen on machining.

TABLE 6  Plate Bending Fatigue Tests on Samp%gg
Containing Shrinkage Discontinuities )



i s

(

)

Tensile Endurance Limit ksi Endurance Ratio\”
Heat Heat Strength  No Notched in. -R No Notched in. -R
No. Treatment* ksi Notch 0,015 0,001 Notch 0.015 0.001
1 N&T 87.3 34.5 22.0 - (0.395 0.252 -
9 N&T 88.9 - - 20,0 - - 0.225
5 N&T 83.4 32.5 20.0 - 0.384 0.240 -
7 N&T 83.1 32.5 21,0 - 0.391 0,253 -
Avg, 0.390 0.248 0.225
6 Q&T 145.0 53.0 32.5 0.366 0.224 -
. Q&T 126.0 47.0 31.5 0.373 0.250 -
Q&T 132.0 - - 23,0 .- - 0.174
Avg. 0.370 0.237 0,174

N & T = Normalized & Tempered; Q & T = Quenched & Tempered; R = Radius at
bottom of notch in inches; (a)Endurance Limit/Tensile Strength.

TABLE 7 R, R. Moore Fat'igue- Test Results for 8630 Cast Steels(32)



S s g T B 5 o

Heat No. 1 9 3 1

Heat Treatment N&T N&T Q&T Q&T
Tensile Strength (ksi) 87.3 88.9 121.2 132.0
Notch Radius (in, ) 0.015 0.001 0.015 0.001
Endurance Limit (ksi)

Unnotched 34.5 - 47.0 -

Notched 22.0 20,0 31.5 23.0
[Endurance Ratlo*

Unnotched 0. 395 - 0. 390 -

Notched 0.252 0. 225 0. 255 0.174
Kt*”‘ 2,2 6.2 2.2 6.2
Kt 1,57 1.73 1.49 2. 12
gt t 0.475 0. 140 0.408 0.216

W . _ "Endurance Limit"

Endurance Ratio = Tensile Strength

**Theoretical Stress Concentration Factor (Kt)
+Fatigue Notch Factor
(K = "Endurance Limit' of Unnotched Specimen
f* =~ T"Endurance Limit" of Notched Specimen
K.-1
+ 1 Notch Sensitivity (q) = T
R. R. Moore Fatigue Test Results(as)

TABLE 8



Relation between

Values of ¢, and

Te if the Theory

Maximum Utilizable Maximum Utilizable of Failure Were

Strength as Obtained Strength as Obtained Correct for Both

Theory of Failure IF'rom a Tensile Test TFrom a Torsion Test States of Stress

Maximum normal

T T =

stress theory O e e~ %%
Maximum shearing o o T =0.50¢0

stress theory e e e e
Maximum octahedral '\j—z—o_ "fi T T =0.577¢

stress theory 3 N3 e e e

2 2 :
a3 T

Maximum energy of 1+p e € T =

distortion E A+ w5 e = 05770,

TABLE 9  Comparison of Maximum Utilizable Strengths of a Material
According to Various Theories of Failure for Each of Two 4
States of Stress as Occur in the Tension and Torsion Tests( b



Type of Endurance Ratio  Endurance Ratio

Specimen in Bending _}n Torsion _ (t/b)*

Q&T
Cast Steel-Sound* 0.310 0. 298 0,96
Weld~Machine-Sound 0.251 0.230 0.92
Slag Inclusions 0. 246 0. 246 1.00
As Welded-Sound 0.241 0.221 0.92 \ Avg. = 0.85
Weld-Siag 0. 243 0. 184 0. 75
Weld-Undercut 0,233 0. 193 0, 84
Cavities 0. 117 0. 100 0. 86
Hot Tears 0.274 0. 146 0. 53)

N&T
Cast Steel-Sound* 0. 361 0.270 0.75
Weld-Machine-Sound 0.352 0.261 0.74
As Welded-Sound 0. 345 0.250 0.73
Weld~Sla 0. 314 0.234 0.75
Weld-Undgercut 0.280 0.230 o.g [E T
Cavities 0.235 0.193 0. 83
Slag Inclusions 0.292 0.208 0.71
Hot Tears 0.245 0.241 0.98

*(t/b) = "Endurance Ratio" in Torsion
"Endurance Ratio” in Bending

Q & T Unnotched . 390

(.015" R) .255
**"Endurance Ratio" using R. R. Moore Specimen

N & T Unnotched . 395

(.015" R) .252
N & T Notched (.001" R) .225

TABLE 10 "Endurance Ratios" in Bending and Torsion(ss)



"Endurance Limit" Standard
Defect Size at 2 x 107 Cycles Deviation
(in) ksi ksi
(0.008) - 0.02 25.9 0.92
0.02 - 0.06 24.5 1.49
0.06 = 0,12 22.8 2.4
0.12 - (0.35) 20.6 3.3

TABLE 11 Endurance Limit agnd Standard Deviation for Different Defect

Size Groups(
(UTS Range 538 to 75 ksi)
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R (max) R (peak) % Retained Austenite
w/o Carbon { Fig. 30(a)] [ Fig. 29] { Fig. 30(®m)
.40 60 45 1
0,50 63 50 2
0.60 65 55 3
Carbon Content, Maximum As-Quenched Hardness, Peak

TABLE 13

Hardness at Maximum Fatigue Strength and Percent

Retained Austenite in Steel
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Fig. 1 Effect of Cooling Rate on the Size of S1 O, Incluslons?
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Several Examples of Variations In Inclusion Shape in Cast Steels

(1)
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Sulfides Silicates
(a) Type I inclusions.
’
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(5 Type I inclusions,
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