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THE EFFECT OF RANGE OF STRESS ON
THE TORSIONAL FATIGUE STRENGTH OF STEEL

I. INTrRODUCTION

1. Purpose of Investigalion.—Various investigators have shown
that the maximum tensile or compressive stress to which a steel
member may be repeatedly subjected without causing fracture (the
endurance limit) depends upon the range of stress applied, that is,
upon the values of the maximum and minimum stresses of a repeated
cycle, but very few experimental data are available involving varying
ranges of torsional shearing stress. The research committee of the
American Society for Testing Materials reported in 1937 that
“There is a paucity of data available covering fatigue tests showing
the effect of range of stress on shearing endurance limit.” The limited
data presented in the report of this research committee indicate that
for unnotehed specimens of several steels the minimum range of
shearing stress required to cause a repeated stress (fatigue) fracture
is nearly constant. Therefore, as the minimum shearing stress is
increased, the maximum value in the range of stress that causes
rupture after the application of a large number of cycles of stress
(the endurance limit for the given range of stress) is also inereased
by a nearly constant amount, provided that the shearing elastic
strength of the material is not exceeded. Little information, how-
ever, is available indieating the effect of range of stress on the shearing
endurance limit for specimens of steel containing a notch, hole, fillet,
keyway, or other type of “‘stress raiser.”

Most of the data available on the torsional shearing fatigue
strength of steel concern the endurance limit for a range of stress in
which the stress alternates in a cycle from a maximum value to a
minimum value of equal magnitude but of opposite sign; this range
or cyele of stress will be referred to as a completely reversed range
or cyele of stress,

There are many torque-resisting steel members in service, such as
helical springs, erankshafts, eam-shafts, propeller shafts, ete., which
are subjected to repeated torsional shearing stresses such that the
stress in each cycle varies from a minimum stress to a maximum
stress of a different magnitude. Moreover, in many of these torque-
resisting members there are stress concentrations caused by fillets,
oil holes, keyways, or other discontinuities.
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TasLE 1
CHEMICAL ANALYSIS OF STEEL TESTED

| Chemieal Analysis per cent
Material

T |
‘ C ! Mn | r 8 Si Ni Cr

S.A.E. 3140 steel. . .. ... |

|

|
0.37 ‘ 0.75 0.017 0,030 | 0.178 1.33 0.65

The purpose of the investigation herein reported was to determine
the effect of the range of stress upon the torsional shearing endurance
limit of S.A.E. 3140 steel for specimens free from stress concentra-
tion, and also for specimens containing stress concentrations caused
by a transverse hole drilled through the specimens. The steel was
tested in the hot-rolled condition and also in a heat-treated condition.
Thus the tests show the effect of range of torsional shearing stress
for four possible econditions of use of the material.

2. Aeknowledgments— The investigation was carried on as a part
of the work of the Engineering Experiment Station of which DEaN
M. L. Exaer is director and of the Department of Theoretical and
Applied Mechanies of which Proressor F. B. SeeLy is the head.

The author is indebted to Proressor SeeLy and PROFEsSOR
T. J. Dornax for many helpful suggestions, and for their interest and
encouragement in carrying out these tests.

Appreciation is expressed for the generous cooperation of Pro-
rEssor H. F. Moore and Mgr. N. J. ALLeMAN in making available
the equipment of the Fatigue of Metals Laboratory used in this
investigation.

A considerable number of the tests reported herein was made
under the direction of Proressor T. J. DorLan by Mgr. D. D. STREID
and Mgr. R. A. MacGrEGoR in satisfying the requirement for thesis
work for the degree of Bachelor of Science in Mechanical Engineering.

I1I. MarTeriaLs anDp SpEciMENS UseEp, METHOD OF TESTING,
AND TEsT DATA

3. Materials and Specimens Used.—S.A.T0. 3140 steel was chosen
for these tests because of its frequent use in service for parts sub-
jected to ranges of repeated stress covered by the investigation.
This steel is generally used in a heat-treated condition, but tests
were made on it in both the hot-rolled and a heat-treated condition.
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Fie. 1. DeraiLs or TeST SPECIMENS

The chemical composition of the steel as taken from the heat analysis
is given in Table 1.

The specimens used were cut from seven 7¢-inch round bars
received from the manufacturer in the hot-rolled eondition, having a
Brinell hardness averaging about 245. Some of the specimens were
given a heat-treatment consisting of heating to 1510 deg. F. for
twenty minutes, quenching in light oil at 85 deg. F., and tempering in
a salt (NaNO;-KNO;) bath for about half an hour at 920 deg. F.

The general details of the specimens tested are given in Fig. 1.
The type of specimen shown in Fig. 1(a), which had 2 solid cross-
section and was free from abrupt changes in cross-section, is referred
to as the unnotched specimen. The diameter d of the unnotched
specimen ranged from 0.25 inch to 0.32 inch depending on the
strength of the steel. A variation in diameter was necessary in order
to keep the load within the capacity of the testing machine. The
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type of speeimen shown in Fig. 1(b) with the transverse hole is
referred to as the notched specimen.* The diameter of the hole, a,
was made such that as nearly as possible the ratio of a to d was 0.1
(a/d = 0.10). The nominal diameter d of the notched specimens
varied from 0.32 inch to 0.40 inch according to the strength of the
steel (see Table 3 for further details of the specimens).

The speeimens which were heat-treated were rough turned to
about 0.050 inch (diameter) oversize, heat-treated, and then finished.

The surface in the neighborhood of the eritical section of each
specimen was finished eircumferentially with No. 00 polishing paper,
but sinee in torsion a fatigue erack may start on a longitudinal,
transverse, or diagonal plane it is not possible, by polishing in a
particular direetion, to minimize the effect of surface seratches to the
same extent as is possible by polishing bending specimens in the
longitudinal direction. For the specimens with a hole the finishing
operation was nearly completed before the hole was drilled and thus
the sharp edge of the hole was rounded only slightly in completing
the polishing,

The photomicrographs of Fig. 2 show the structure of the steel
in the conditions as tested. In the hot-rolled condition, as shown
in Fig. 2(a), the steel is composed of medium to large size grains of
pearlite and ferrite, while for the same steel in the heat-treated con-
dition Fig. 2(b) shows a very fine-grained troostitic-sorbitic structure,
with traces of ferrite at high magnification (x2000).

4. Method of Testing.—Three repeated-torsion testing machines
were used in making the tests for the data reported herein; each
machine had a capacity of 300 in. lb. twisting moment. Figure 3
shows one of these machinest which is arranged to produce a con-
trolled angular rotation of one end of the specimen through the
chuck A’ by means of cam C and lever arm B. The torque thus pro-
duced is transferred through the specimen S to chuek A” and thence
to the ecalibrated bar D, the twist of which is proportional to the
torque, and is measured by the dial gage M. By adjusting the set
serews I, which act on a lever fastened to the left end of bar D, the
desired range of twisting moment, and therefore the range of stress,
may be obtained. These machines operate at 1400 r.p.m., and cut
off automatically when a specimen fractures.

The nominal shearing unit-stress, s,, in all specimens was calcu-
lated by means of the torsion formula, s, = T¢/J, in which T is the

*In fatigue testing any diseontinuily such as a v noteh, fillet, keyway, transverse hole, ete.,
causing an abrupt change in the cross-section of the specimen is fre saquently referred 1o as a noteh.

tSee University of Illinois Engineering Experiment Station Cireular No. 23 for further deseription
of repeated torsion machine.
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Fic. 3. Repeaten TorsioNn TesTING MACHINE

twisting moment, J is the polar moment of inertia of the circular
section where the critical stress oceurs in the specimen, ¢ is the radius
of the critical cross-section and s, is the nominal shearing unit-stress.
In making computations for shearing unit-stress in the specimens
with a transverse hole no allowance was made for the hole.

An endurance limit for each of four ranges of stress was established
for the steel in each of four conditions, namely, (1) the hot-rolled
unnotehed, (2) the hot-rolled notched, (3) the heat-treated unnotched
and (4) the heat-treated notehed conditions. All endurance limits
except those for completely reversed ranges of stress were established
by keeping the minimum stress of the range constant and varying
the maximum stress. All endurance limits are based upon 10 million
cycles of stress, except where conditions made a higher number of
cycles necessary.

5. Test Data.—Figure 4 shows the lower portions of the static
torsion stress—strain curves for the steel as obtained from solid un-
notched specimens. It will be observed that the steel did not have a
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pronounced yield point in either the hot-rolled or the heat-treated
condition. The results of static tension and torsion tests are shown
in Table 2. Drawings of specimens used in these tests are shown
in Figs. 1(¢) and 1(d).

The statie torsional yield strengths reported in Table 2 were
obtained from eylindrical specimens of solid cross-section rather than
of hollow cross-section because the solid form of specimen corre-
sponds more closely to members as used in service. Furthermore, it
will be noted that the values of yield strength reported in Table 2
are based on an arbitrary offset of 0.2 per cent. However, the yield
strength of the material used in these tests was obtained using hollow
specimens as well as solid specimens, and the ratio of the yield
strengths of hollow and solid specimens was found to be from 0.80 to
0.85. This ratio corresponds closely to that obtained by Seely and
Putnam™ for six steels.

Two types of failure were observed in the repeated stress tests,
namely, a progressive fracture or fatigue failure, and failure by general
yielding before a fatigue crack started. The type of failure depended

*F. B. Seely and W. J. Putnam, Bulletin 115, Engineering Experiment Station, University
of Illinois, p. 41.
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largely on the range of stress to which the specimens were subjected.
Photographs of specimens indicating these two types of failure are
shown in Fig. 5.

Figures 5(a) and 5(b) show typiecal fatigue fractures which ocecurred
in these repeated stress tests. In a fatigue failure of an unnotched
specimen (Fig. 5b) the fracture usually began as a longitudinal shear
failure, and then followed a helicoidal path approximately along the
plane of maximum tensile stress in the specimen. For specimens with
a transverse hole the fatigue fracture always was first detected along
the plane of maximum tensile stress and followed a helicoidal path.
These facts agree with results of tests by Southwell and Gough,* in
which they found that when no stress concentration was present a
shear failure occurred in low carbon steel speeimens subjected to
repeated torsional stress, but when stress concentrations were
developed (due to flaws in the material, or to abrupt change in the
shape of the specimen) a helicoidal fracture resulted, with fracture
progressing approximately along planes of maximum tensile stress.
This helicoidal type of fracture is characteristic of a tensile failure
in members subjected to static torsional loads.

Figures 5(¢) and 5(d) are from photographs of unnotched hot-
rolled and heat-treated specimens, respectively, whieh have with-
stood 10 million eyeles of torsional shearing stress at or slightly below
the endurance limit. It is evident from what follows that these
specimens, although they have not developed a fatigue erack, may be
said to have failed because they are so badly distorted. This type
of failure will be referred to as general yielding., The hot-rolled
specimen, Fig. 5(c), was tested with a range of torsional shearing
stress of from 430 000 to a ealeulated stress of +95 000 1b. per sq. in.
(caleulated by the formula s, = Te¢/J), although the static yield
strength of this steel was only 56 000 Ib. per sq. in. It will be noticed
that the specimen was permanently twisted through an angle of
about 20 degrees, as can be seen from the relative positions of the
flat surfaces on the ends of the specimen which were originally in the
same plane. At the upper end of the specimen the flat surface is
almost perpendicular to the plane of the paper. Figure 5(d) shows
an unnoteched specimen of the heat-treated steel which was subjected
to 10 million eyecles of torsional shearing stress from +40 000 to a
caleulated stress of 122 000 Ib. per sq. in., the yield strength of the
heat-treated steel being 110 000 1b. per sq. in. The permanent angle
of twist for this specimen was 11.5 degrees.

*R. V. Southwell and H. J. Gough, “On the Concentration of Stress in the Neighborhood of a
Small Spherical Flaw; and on the Propagation of Fatigue Fractures in Statistically Isotropie Materials,"
Philosophical Magazine, Vol. 1, Jan. 1926,
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F1c. 5. PHoroGrAPHS oF SPECIMENS ArTER TEsTiNG UNDER
Rereatep TorsioNAL STRESS

(a) Fatigue failure of notched specimen

(b) Fatigue failure of unnotehed specimen

(e) Failure by general yielding, hot-rolled unnotched specimen
(d) Failure by general vielding, heat-treated unnotched specimen
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It is evident, therefore, that the endurance limit has little signifi-
cance as a criterion of failure for ranges of stress that permit the
member to fail by general yielding before the endurance limit is
reached. This fact will be emphasized further in the section on
interpretation of test data.

It is recognized that wvalues for s, caleculated by the formula
s; = Te/J for values of torque above the static elastic strength of
the material are not the stresses which actually exist, but for means
of comparison this method of ealculation seems permissible.

The S-N diagrams shown in Tigs. 6 and 7 give the individual
results for each specimen tested under repeated torsional shearing
stress. The ordinates of the points of these diagrams are the nominal
maximum torsional shearing unit-stress as calculated by the formula
s, = Te/J, and the abscissas represent the number of eycles of stress
required to fracture the specimen, except that plotted points with
arrows attached indicate that the specimen did not fracture. Table 3
gives a summary of the data taken from these curves. Columns 1
and 2 of Table 3 give information concerning the details of the
specimens used to establish each endurance limit. Columns 3 and 4
give the results of the repeated torsional shearing stress tests.

IT1. InTeErPrRETATION OF TEsT DATA AND DIscussioN
or ReEsvLrs or TEsTs

6. Method of Plotting and Meaning of Terms or Symbols.—For
convenience in plotting the data to show the effect of range of stress
upon the torsional shearing endurance limit, three methods of speci-
fying a range of stress have been chosen. These three methods of
specifying a range of stress and the method of plotting the data corre-
sponding to each method are deseribed in the following paragraphs.

First, a range of stress is the magnitude of the change of stress in
passing from the minimum stress to the maximum stress of a eycle.
A range of stress is not specified completely, however, unless either
the maximum or minimum stress is given in addition to the magnitude
of the range. Thus in Fig. 8 a range of stress may be specified by
stating the maximum stress, Smax, and the minimum stress, s, or
by stating the magnitude of the range, As, with either sy, or suin.
This method of speeifying a range of stress will be used in plotting
the data on a modified Goodman diagram which will be deseribed
in detail in the next section (see Fig. 10 or 11).

Second, a range of stress may be thought of as being made up of a
steady stress s, with an alternating stress s, superimposed upon it,
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so that s, is completely reversed around s,. IFor example, in Fig. 8 a
range of stress is specified by choosing s, and s,. This method of
specifying a range of stress will be used to show the effect of range
of stress upon the endurance limit by plotting s, as abseissas and
s, as ordinates. This diagram will be referred to as the “mean stress—
alternating stress” diagram.

Third, a range of stress may be specified by stating the ratio of
the minimum stress, $,,,, to the maximum stress, s,... This ratio
of the minimum to the maximum stress is ealled the “range ratio,” and
is denoted by r, which may be positive or negative;in addition, either
the maximum stress, s,., or the minimum stress, s,,i,, must be given.
For example, in Fig. 8 the range of stress is speecified by stating the
value of su. and ». This third method of specifying a range of
stress is used to show the effeet of range of stress upon the endurance
limit by plotting as abseissas the values of r and as ordinates the
values of the endurance limit, s,,.«, in terms of the endurance limit,
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TaBLE 3
Resvrts oF REPEATED TORSIONAL SHEARING STREsSs Trsts

Specimen Details Range of Stress
J\iinirmm:11 Diameter Diameter of Hole Minimum Stress Er{;}i;;i‘:.:&cn]ég;i;: 3
a Smin > :
in. in. 1b. per sq. in. Ib p:rm;; in
(1) (2) (€3] 4)

1. B.A.E. 3140 steel, hot-rolled, unnotehed

0.320 No hole —44 000 +44 000
0.250 e —32 000 +64 000
0.320 e e 1] +79 000
0.250 S +30 000 +95 000

I1. S.A.E. 3140 steel, hot-rolled, notched

0. 400 ] 0.040 —22 000 +22 000
0.320 | 0,032 —10 000 +38 000
0.400 0.040 0 -39 000

0.320 l 0.032 20 000 +33 000

ITI. 5.A.E. 3140 steel, heat-treated, unnotehed

0,280 Nao hole =56 000 + afi 000
0,250 3y W —33 000 | + 80 000
0. 280 v 0 +116 000
0,250 R 40 000 +122 000

IV, S.ALE. 3140 steel, heat-treated, notehed

0. 380 0.036 =30 000 30 000
0.320 0,032 —15 000 +38 000
0. 400 0,040 0 -+45 000
0,320 0.032 +25 000 +62 000

0.320 0,032 | “+45 000 +83 000

s_y, for the same type of speeimens for completely reversed cycles
of stress. This diagram will be referred to as the “range ratio-
endurance limit” diagram.

The symbols which are used in this report are illustrated by

Fig. 8 in part and defined as follows:

Suax = The maximum shearing stress for a range of torsional
shearing stress. If this range of stress is the maximum
range that can be repeated an indefinitely large number
of times without causing fracture then s,.. becomes the
endurance limit of the material.

Spmin = The minimum shearing stress for any range of torsional

shearing stress. s,,;, may be positive or negative.

The endurance limit for completely reversed torsional
shearing stress. This symbol applies to the results
obtained from either unnotched or notched specimens.

Il
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Fi6. 8. StrESs SyMBoLS FOR VARYING RANGE OF STRESS

Sm, S¢ = The mean or steady torsional shearing stress s, upon
which an alternating stress s, is superimposed to create
a range of stress.
Note: It will be observed that for completely reversed
cycles of stress, s, = 0 and Spax = = Swin = Sa
r = The ratio of the minimum stress, Smi,, to the maximum
Stress, Smax, for a given range of stress; » may be positive
or negative and is called the range ratio.

sy = The torsional static yield strength obtained from tests of
solid eylindrical specimens based on 0.2 per cent offset.

s, = The torsional modulus of rupture as obtained from tests
of solid cylindrical specimens.

As = The magnitude of a range of stress; the algebraic difference
between . and s,in. When the magnitude As is such
that s.,.c is the endurance limit, As is ealled the magni-
tude of the endurance range of stress.

7. Modified Goodman Diagram.—A diagram such as Fig. 9 for
representing the effect of range of stress upon the endurance limit
was devised by Goodman* based chiefly on test results by Wahler.
In this diagram the minimum stress, smis, of an endurance range of
stress is plotted as an ordinate to the line of zero stress with an
arbitrary abseissa such that one extremity of the ordinate lies on a
line DB making an angle of 45 degrees with the line of zero stress.
He found that, if the maximum stress, s,., of the endurance range
is plotted as an ordinate at the same abscissa, the upper ends of
the ordinates (values of s,..) lie approximately on the line CB where:

*“Fatigue of Metals,” H. J. Gough, D). Van Nostrand, New York, 1926, p. 67, 65.
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FC is lgs, and 04 = AE = lgs,. Trom similar triangles in Fig. 9
the following equation may be found

As
2

= 1z (s, — s,) (1)

This equation has been used extensively to represent range of stress
data. Iquation (1) may also be written in the form

s MY (1 * ) ()
= 38 —
2 o Su

Further, it has been found by other investigators that a better agree-
ment with experimental results for steels may be obtained if Equa-
tion (2) is modified by replacing the factor 14s, by the endurance
limit, s ,* for the same type of specimen for completely reversed
eyeles of stress. Iquation (2) thus becomes

As ( i i ) (3)
= 5_ =R
2 ] Su

Equation (3) gives the magnitude of the endurance range, As, when
the mean stress s, of the endurance range is chosen, but it is com-
monly more convenient to have an equation from which the en-

*Moore and Kommers, “Fatigue of Metals," MeGraw Hill Co., 1927, pp. 185-186.
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durance limit, Sm.x, may be calculated more directly. From Fig. 9
it is noted that

As

= Smax — Sm
Hence Equation (3) may be written

fmax = Fm —i_ s (1 s S—m) ('l')

Su

Equation (4) is represented by a straight line on the Goodman
diagram similar to line CB in Fig. 9 in which, however, s_; is not
equal to 14s,, but is the actual endurance limit obtained from
fatigue tests, and hence the name “Modified Goodman Equation”*
is given to it, and diagrams plotted from Equation (4) are called
“Modified Goodman Diagrams.” Figures 10(a) and 10(b) are
modified Goodman diagrams plotted from test data for the notched
steel specimens, that is, specimens with a transverse hole. The line
CB is fixed by two points C and B determined from Equation (4).
For point C, s, = 0, Spmax = S_1. For point B, 8, = Su, Smax = S
The test data are plotted in the same manner as on a Goodman
diagram. It may be noted that the straight line CB represented by
Equation (4) agrees satisfactorily with the test data. A comparison
of values of endurance limit caleulated by the modified Goodman
equation with the test data is made in Table 4, columns (4) and (5).
Column (4) shows the computed values, and column (5) shows the
ratio of the computed values to the test results.

Figures 11(a) and 11(b) are modified Goodman diagrams plotted
with the data for the unnotched steel specimens. It is clear from
Fig. 11 that the modified Goodman diagram does not agree well
with the test data for the unnotched specimens. The test data show
that line CA drawn parallel to the line DB such that the magnitude
of the endurance range of stress, As, is constant agrees satisfactorily
with the test data, provided that the torsional static yield strength
represented by line AE is not exceeded. Based on the hypothesis
of a eonstant endurance range of stress within the yield strength of
the material, the usable endurance limit may be written as

Smax = Sm + & é Sy (5)

*Note: The "Modificd Goodman Equation™ used here is not the same as the “Modified Good-
man-Johnson Formula" used by Moore and Kommers.
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A range of stress in which As is a constant provided that the maxi-
mum stress of the range is within the elastic strength, is in agreement
with the results already reported by various investigators for steel
free from notches and stress concentrations (see Fig. 14).

8. Mean Stress—Allernating Stress Diagram. —Soderberg*® pro-
posed to represent range of stress data by a diagram in which the
mean stress s, of a cyele is expressed as a fraction of the torsional
static yield strength and is plotted as an abseissa, and the superim-
posed alternating stress of the eyele, s,, is expressed as a fraction of

*Trans. A.S.M.E., Applied Mechanies Division, July-Sept. 1933, Vol. No. 3, A.P.M, 533-16.
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the endurance limit for completely reversed cyeles and is plotted as
an ordinate. Figure 12 represents the data of the tests plotted in
this manner. Thus in these diagrams the point A represents the
range of stress for which there is no mean stress, and therefore the
alternating stress s, equals s_;. The point B represents the range of
stress for which the mean stress s, is equal to s, the torsional static
yield strength as obtained from tests of solid eylindrical specimens,
and consequently no alternating stress is allowable. Now let a
straight line be drawn joining A to B, and let the point C on AB
represent an intermediate range of stress. Then the mean stress s,
is given by the abscissa OE and the corresponding alternating
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stress s, is given by the ordinate OF according to this straight line
representation.

The equation of line AB in Figs. 12(a) and 12(b) may be written
in the intercept form as

sﬁi Sﬂ
+— =1 (6)

Sy S_1

If Equation (6) is rewritten as

S
Sa = 81 (1 - ) (7)
8y

an expression for the alternating stress is obtained. As already
pointed out, it is frequently more desirable to have an equation
giving the endurance limit. If the mean stress s, is added to both
members of Equation (7), the following equation for the endurance
limit Suax 1s obtained:

Sim
Smux = Sa + Sm = 8m + S—1 (1 N ) (8)

Sy

It will be noted that, if in Equation (8) s, is replaced by s., the result
is identical with the modified Goodman equation (4). In fact, if the
straight line CG is drawn in Figs. 10(a) and 10(b) it will be repre-
sented by Equation (8). Equation (8) will be referred to as the
“mean stress—alternating stress’” equation. Column 6 of Table 4
shows a summary of values of the endurance limit for notched
specimens of steel as computed by Equation (8) for the mean stresses
(see column 2) s,, of the endurance ranges established by the fatigue
tests. Column 7 of Table 4 shows the ratio of the endurance limits
computed by Equation (8) to the endurance limits established by the
fatigue tests. It will be noted that the average deviation of the com-
puted values of endurance limit is — 6.0 per cent and the greatest single
deviation is —20 per ecent, both values being on the side of safety.

In the mean stress—-alternating stress diagram, Fig. 12, it
will be noted that the straight line A B represented by Equation (8)
agrees more closely with the data for the notched steel specimens
than with those of the unnotched steel specimens. It was decided
that the data for the unnotched specimens is more closely repre-
sented by a line AD parallel to the mean stress axis drawn from
a point A where 8., = s, = ¢_; and s, = 0 to a point D where
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Smax = Sm + 8.1 = 5, The line AD is represented by Equation (5),
which has already been seen to give values of endurance limit corre-
sponding to a range of stress with a constant magnitude As. Since
endurance limits in excess of the torsional static yield strength s,
permit the material to fail by general yielding, the line DB is drawn
in the diagram such that points on this line represent cyecles of stress
in which the sum of the mean stress and the alternating stress is
equal to s,.

The mean stress-alternating stress diagram for representing
endurance range of stress data from fatigue tests of metals under
direct tensile and compressive stresses or under combined direct
stresses and flexural stresses was used by various investigators,
including Soderberg, Haigh* and Wahl.{

9. Range Ratio—Endurance Limit Diagram.—In a study of range
of stress data for specimens with no abrupt change of section of
several steels subjected to fatigue tests under stresses consisting of a
combination of direet tensile stress and flexural stress, Howell} used
a diagram in which he plotted values of the ratio r of suin t0 Smex 88
abseissas, and as ordinates values of the endurance limit, Suax,
expressed in terms of s_;, the endurance limit for the range of com-
pletely reversed stress. Moore and Kommers? used the same diagram
for a study of range of stress data from torsional shearing fatigue
tests of several steels in which they used specimens with no abrupt
change of section. The data from the tests reported herein are
plotted in this way in Figs. 13(a) and 13(b). Moore and Jasper§
and McAdam** found that for fatigue tests in torsional shear of
polished steel specimens with no abrupt change of section, the
magnitude of the range of stress was nearly constant. They derived
an equation on this hypothesis as follows:

Smax = As + Smin = 2s ~1 + Smin

whence,

4 ©)
1—r

sll!ﬂ)( =

Equation (9) will be referred to as the constant range equation.

*Haigh, B. P., Journal, Society Chemical Industry (British), Jan. 11, 1929, p. 33.

+Wahl, A. M., “Analysis of Effect of Wire Curvature on Allowable Stresses in Helical Springs,’’
Preprint of paper pre:venbed to The American Society of Mechanieal bngmr'f-r% Dec. 1938,

fBulletin No. 136, L'mvormt,v of Illinois J:.ngme( ring Experiment Station, p. 67-80.

f Moore and hummers ‘Fatigue of Metals,” MeGraw-Hill, 1927, p. 184,

§Bulletin No. 142, University of Illinois Engincering Experiment Statmn, p. 72.

**Proceedings of '\mencﬂn Society for Testing Materials, Vol. 24, pt. 11, p. 574, 1924,



28 ILLINOIS ENGINEERING EXPERIMENT STATION

Z55.; N T T T T Y T
’ (@)- Urnnotchea Specimerrs ‘
! {
|
L 1
205, —— e e A o E —
; /’{ L s, (7rvi5) N _]E So
Zanoimmi i ik
Y Constant Rar ;E-I‘ et R ""§
(55 ey Rooe ey L LAY
L " e S
X “—"—“/’é. < 5 V) I P ) -—11__% :Q;ku_L Mueh |
) ol iR
Lo
S %20 -08 -0 -04 -0Z 0 +0Z +04 *06 +08 +.0
!
S . f T T TR
(B)-Notched / 7 2.7s., > 1§
g [~ Specimerns / DW= Smax o § TR
§25‘.‘i‘_, _'_'_4"‘_4'_!_ e i e s e —'q"' ‘E;“““"%—
% Constarnt Rarnge ; 3 // 2 |3 ‘\?;
¢ Equation, | 2 5 S—E X
l,u - 2 - / y r<\ Js. § & Ao
20s., Sman = - i _/) / 5‘,,‘,‘,,:2—’ %:_ omj‘__%_
7 // Moore-Kommers | & |n | &
SEEPLAS S Equarion oo o R B
// ‘1 & ] 3
A S8 1A
AL T A S Qe 3
A | I8 /8
~ o -Hot-rolled Specimers :1?_‘ }{ _J;? il
L o -Heat-trearea’ J‘prmaﬂ;r || >
<2
/.05 | | | | | 1Y

-40 -08 -06 -04 -0Z 0 +02Z +04 +06 +0.8 +.0
Minimwm Stress of Cycle Smin
Maximum Stress of Cycle ' Smox

Rarige Ratio, r =

Fia. 13. Range Ratio-Expurance LiMir DiscraMs SHowING Errect oF RaNGE
oF Torstovarn SHEARING STRESS Uron Expurance Limir or S ALK, 3140 STeEL

In Fig. 13(a), where data for the unnotched steel specimens are
plotted, the curve of the constant range Equation (9) is drawn.
The curve seems to fit satisfactorily the data which are within
the torsional static yield strength of the steel. A straight line
whose equation is

g (B 15
—_— % (10)

seems to fit all the data for the unnotched specimens. Since endur-
ance limits greater than the static yield strength of the material are
of little importance, it would seem that the constant range equation,
which agrees with data for unnotched polished steel specimens
within the torsional statie yield strength, can be depended upon
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without serious error where there is no stress concentration. The
straight line representation of the data seems unimportant unless
endurance limits above the yield strength of the steel are desired.

The data for the notched specimens, Fig. 13(b), are now con-
sidered. First, the constant range curve of Equation (9) is drawn
and is seen to give values of endurance limit which are too large and
hence unsafe. It was thought that a curve whose equation is of the
same general form as the constant range Equation (9) could be
used to represent these data. Accordingly, an empirical equation
was written as follows:

275,

Smax = —————— (11)
1.7 = »r

Equation (11) is plotted in Fig. 13(b) and seems to represent the
data satisfactorily for these fatigue tests of noteched specimens of
steel. Further, since data for notehed specimens of only two steels
are available, it was thought that a third and still more conservative
curve representing the data might be chosen. Accordingly, a curve
whose equation is of the same form as Equations (10) and (11) was
chosen, as follows:

Smax = : (12)

Equation (12) was also used by Moore and IKommers for representing
range of stress data for unnotehed specimens of several steels sub-
Jected to fatigue tests under a combination of direet tensile stress
and of flexural stresses. In Table 4, columns 8 to 11, inclusive, give
some comparisons of values of endurance limit computed by Equa-
tions (11) and (12) with the actual experimental values.

10. Comparison of Results Obtained by Various Methods of Inter-
pretation.—Three methods of interpreting the range of stress data
of this report have been used. By each method of interpretation an
equation for calculating the endurance limit was found. A study
of Table 4 shows that with these formulas a computed value of
endurance limit agreeing satisfactorily with the experimental value
may be expected. There are, however, certain other comparisons of
these interpretations which should be made.

First of all, by each method of interpretation there are certain
experimental constants for the steel necessary for the computation
of an endurance limit. In the modified Goodman equation, Equa-
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tion (4), the experimental constants required are s_; and s,, which
are the endurance limit for specimens with the same type of stress
concentration for completely reversed stress and the static torsional
modulus of rupture, respectively. In the mean stress—alternating
stress equation, Equation (8), the experimental constants necessary
are s, and s, the torsional static yield strength as obtained from
tests of solid eylindrical specimens. In Equations (9), (10), (11)
and (12) where the range ratio r is used, only one experimental
constant is necessary, namely, s_,. It is conceivable that the avail-
able experimental constants might be a dominant factor in the choice
of a method of ecomputation of the endurance limit. For any one
of the methods chosen it is necessary to have at least the experi-
mental value s_, for the type of stress concentration to be used.

1t is frequently desirable to compare range of stress data for two or
more materials. The adaptability of a method of interpreting range
of stress for the comparison of test data for various materials may
therefore be important. The mean stress—alternating stress and the
range ratio—endurance limit diagrams are both used for comparing
range of stress data for two or more materials. Figure 14 is a range
ratio-endurance limit diagram showing range of stress data of the
tests herein reported, and also data previously reported by various
investigators for several steels and cast irons. Although the prop-
erties of the various materials* varied widely, this diagram shows
that for small unnotched polished specimens of steel the constant
range of stress curve fits the data satisfactorily.

IV. CoxcrLusions

11. Summary.—The formulas for computing the endurance limit
for any range of stress in torsional shear are divided into two classes
depending upon whether the steel has a stress concentration or not.
The symbols used in these formulas have been given in Section 6.

The first class of formulas consists of those which may be used
to compute the endurance limit for any range of stress in torsional
shear for steel members not having a stress concentration. These
formulas are

Sm:{x = 8n + 8.1 (I)

23_1
l1—-—7r

(1T)

Smax =

*For the tests of east iron see, Moore and Piceo, "' Fatigue Tests of High Strength Cast Iron,”
Trans. American Foundryman's Association, Vol. 42, 1934, p. 525.
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BY VARIOUS INVESTIGATORS

Formulas I and II are based on the hypothesis of a constant magni-
tude of range of stress, a hypothesis which has been supported by
data from several investigators for small polished steel specimens
with no abrupt change of section.

The second class of formulas consists of those which may be used
to compute the endurance limit for any range of stress in torsional
shear for steel members having a stress concentration caused by a
transverse hole.

These formulas are:

_ Sm I1I) (modified Goodman
B 8 (l - s_u) W formula)
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_ Sm (IV) (mean stress—alternatin
Smax = Sm + 81 (] = S—u) ) ( stress formula) =
2,754
Simax = T (‘,‘)
L7 —r (range ratio—endurance
35, limit formulas)
Smax = 2 (‘('I)
—

Formulas (11I), (IV), (V), (VI) are all based on the results of
fatigue tests in torsional shear of small specimens of S.A 1. 3140 steel
in the hot-rolled and a heat-treated condition with a stress con-
centration caused by a small transverse hole. Formula (VI) is the
same formula as that developed by Moore and Kommers from
results of fatigue tests of polished unnotehed steel specimens sub-
jected to combined flexural and tensile stresses.

In all formulas given for computing the endurance limit the
experimental constant s_; is required. If a formula for computing
the endurance limit for a range of stress in a steel with a stress con-
centration caused by a transverse hole is to be used, then the value
of s_, is required, and must be experimentally defermined for speci-
mens with this stress concentration. However, should information
be available for the endurance limit for completely reversed cycles
of stress for specimens without a stress coneentration, then a stress
concentration factor may be used to estimate s_, for the specimens
with the stress concentration. If these formulas are thought to be
satisfactory for use where the stress concentration may be of some
form other than that due to a transverse hole the same procedure as
before may be used to find s_;. For the purpose of finding s_, for
various stress concentrations, some factors are given in Tables 5 and 6.

The values of static torsional yield strength, s, to be used in
Formula (IV) should be obtained from tests of solid eylindrieal
specimens based on an arbitrary value of offset of 0.2 per cent.
If the value of s, is obtained from a hollow specimen, or if a smaller
value than 0.2 per cent offset is used, the calculated value of the
endurance limit, $,.x, will be somewhat less than the endurance
limit that the material may be expected to have.

The specimens used in these tests varied in diameter from 0.25
ineh to 0.40 inch, but no study of the effect of size was made since
that was not the purpose of the investigation. However, data
obtained by Mailander and Bauersfeld* for the effect of size show
that for specimens of chrome-nickel-tungsten steel with no stress

*H. Mailander and W. Bauersfeld, " Einfluss der Probengrosse Und Probenform auf die Dreh-
Sehwingungsfestigkeit Von Stahl,” Techniche Mitteilungen Krupp, Vol. 2, Dec. 1934, Pages 143-152.
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TABLE 5

StrEss CONCENTRATION FActors vor TransvErse Hovres v SpeciMeENs Sub-
JECTED TO COoMPLETELY REVERSED CYcLES oF TORSIONAL SHEARING STRESS

|
| Endurance
Specimen Diameter Stress Con- Limit of
Materinl Diameter of Hole Ratio centration | Material in
= d @ afd Factor Reversed
in. in. K Torsion
1b. per sq. in.
Results obtained by Dolan®
S.AE. 1020 steel, hot-rolled. . 0. 400 0.04 0.10 1.31
0,400 0.07 0.175 1.43 20 100
0.400 0.10 0,250 1.62
Rail steel, hot-rolled......... 0. 400 0.04 0.10 1.64 37 000
0.400 | 0.10 0.25 2.26
B.ALE. 3140 steel, hot-rolled . . 0. 400 [' 0.04 0.10 2.00 44 000
0. 400 | 0.10 0.25 2.25
S.AE. 3140 steel, quenched
and tempered............. 0.380 0.036 0.095 1.87 56 000
Results obtained by Armbrustert
0.394 0.059 0.15 1.39 22 800
0.394 0.059 0.15 1.31 24 900
0.394 | 0.059 0.15 1.66 42 000
Results obtained by Mailander and Bauersfeldf
Cr-Ni-Wsteel. . ............ I 0.55 0.078 0.14 1.60 39 800
1.18 0.118 0.10 1.88 33 400
‘ 1.77 0,197 0.11 1.74 28 400
Results obtained from ‘‘Plaster Model" method*
Pottery plaster, .. .......... 2.0 0.125 0.063 1.86 Tested in
2.0 0.25 0.125 1.89 static
2.0 0.50 0.250 2.12 torsion

*Dolan, T. J., University of Illinois Enginecering Experiment Station, Bulletin 203, Table 5,

p. 27, 1937, )
’TArml:rwster. EA. }E.mliuss der Oberflichenbeschaffenheit auf den Spannungsverlauf und die
Sehwingungsf t r. Deutsch Iug Verlag 1931.

tMailander, R. nnd Bnuvrsfrld W “Einfluss der Probengrésse und Probenform auf die Dreh-
Schwingungsfestigkeit von Stahl,” Technische Mitteilungen Krupp, Vol. 2, Dec. 1934, pages 143-152.
Allowance was made in these tests for the area removed by the hole; all other values in this table were
computed on the basis of the gross cross-section of the specimen.

concentration the endurance limit for completely reversed eycles of
torsional shearing stress for specimens of diameters 0.55 inch,
1.18 inch and 1.77 inch deereased 16 per cent in passing from the
0.55 inch diameter to the 1.18 inch diameter, and decreased 29 per
cent in passing from the 0.55 inch diameter to the 1.77 inch diameter.
They also found that for specimens of the same steel with stress
concentration caused by a transverse hole the endurance limit for
completely reversed cycles of torsional shearing stress decreased
19 per cent in passing from a diameter of 0.55 inch to one of 1.18 inch,
and decreased 28 per cent in passing from a diameter of 0.55 inch to
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TasLE 6

StrESS CONCENTRATION I'ACTORS FOR FILLETS IN SPECIMENS SUBJECTED TO
CompPLETELY REVERSED CYCLES OF TORSIONAL SHEARING STRESS

Minimum [ Stress Con- | Theoretieal

Material Diameter Ratio Ratio centration Value

: . d Djd r/D Faetor of

in. K e
Results obtained by Dolant
S.ALE. 1020 steel, hot-rolled . . 0.375 2.0 0.0053 I 1.15 > 3.3
S.A K. 3140 steel, hot-rolled . . 0. 300 2.5 0,027 1.54 1.95
0.300 2.5 0.067 1.57 1.52
S.AE. 3140 steel, quenched
and tempered............. 0.300 2.5 0.0087 1.51 3.00
Results obtained by Armbrusterd
Wabinliin s svina s eamei s s 0.394 1.4 0.17 0.96 1.45
Nesbenl. ooiiiissmaiiann 0.394 1.4 0.03 0.99 2.36
E-steel..................... 0,394 1.4 0.17 1.11 1.45
Beateel. il 00 cii e s 0.394 1.4 0.03 1.66 2.36
Results obtained by Mailander and Bauersfeld¥]

Cr-Ni-Wsteel. . ........ P 0.55 1.8 0.14 1.10 1.56
Cr-Ni-Wsteel. . ............ 1.18 1.8 0.10 1.17 1.70
Cr-Ni-Wosteel. . ...covvvaansn 1.77 1.8 0.11 1.03 1.65

ho:i.As obtained by Jacobsen Trans A.8.M.E, Vol. 47, No. 1974, p. 619, using the "Electric Analogy”
met 3

tDwolan, T. J., University of [linois Engineering Experiment Station, Bulletin 203, 1937.

fArmbruster, E., “Einfluss der Oberflichenbeschaffenheit auf den Spannungsverlauf und die
Schwingungsfestigkeit,” Ver. Deutsch. Ing. Verlag 1931,

9 Mailander, R. and Bauersfeld, W., "Einfluss der Probengrisse und Probenform auf die Dreh-
Schwingungsfestigkeit von Stahl,” Technische Mitteilungen Krupp, Veol. 2, Dec. 1934, pages 143-152.

one of 1.77 inch. The effect of size should be kept in mind when use
is made of the results of these tests.

12. Conclusions.—The following coneclusions may be drawn:

(1) For ranges of torsional shearing stress other than completely
reversed cycles of stress, steel is likely to cease to perform satisfac-
torily as a structural or machine member by either one of two types
of failure. First, for some ranges of stress it may fail by developing
large permanent deformation at the torsional static yield strength
before the endurance limit stress is reached. Second, for some ranges
of stress it may fail by progressive fracture (fatigue) at a nominal or
calculated stress below the torsional static yield strength. These
two types of failure are illustrated in Fig. 5. Therefore, endurance
limits for various ranges of stress have little significance if their values
exceed the static elastic strength of the steel.

(2) For small polished specimens free from stress concentrations,
the torsional shearing endurance limit of S.A.E. 3140 steel in both
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the hot-rolled (as received condition) and the quenched and tem-
pered condition follows the constant range relation; that is, the
magnitude of any endurance range of stress is constant and equal
to the magnitude of the endurance range of stress for completely
reversed cyecles of stress, provided that the maximum stress in the
range does not exceed the torsional static yield strength of the steel.
In order to possess a high endurance limit for various ranges of
torsional shearing stress a steel which is to be used without stress
concentration must also possess a high static elastic strength in
addition to a high endurance limit for completely reversed cycles of
stress. Therefore, heat-treated steels are particularly desirable for
use for ranges of stress other than completely reversed eyecles of
stress, since heat-treatment usually raises the static strength prop-
erties more than it does the fatigue strength properties. The facts
on which this coneclusion is based are shown by the diagrams of
Figs. 11, 12 and 13(b) and by Formulas (I) and (II) of the summary.

(3) For small specimens with a stress concentration caused by a
small transverse hole the torsional shearing endurance limit of
S.A.E. 3140 steel in both the hot-rolled (as received) condition and
the heat-treated condition is not independent of the range of stress.
The magnitude of the endurance range of stress is decreased as the
maximum stress in the range increases, that is, the difference between
the maximum and minimum stresses of the endurance range de-
creases as the maximum stress is increagsed. The effect of the range
of stress may be shown satisfactorily by any one of three methods of
interpretation of the test data. The facts on which this conelusion
is based are shown by the diagrams of Figs. 10, 12 and 13(a) and by
Formulas (ITI-VI), inclusive, in the summary. These formulas and
diagrams indicate that steels with high usable torsional shearing
endurance limit for various ranges of stress must possess high elastie
strengths as well as relatively low noteh sensitivity; this last require-
ment insures a relatively high endurance limit for completely reversed
cycles of torsional shearing stress.
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