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FATIGUE LIMIT OF UNNOTCHED STEELS (Related to tensile strength)

1. NOTATION

1.1 General Symbols

f, tensile strength of material Nfm  Ibflin?
m parameter characterising shape of mean stress diagram

N endurance

R stress ratioSmin/Smax

S, Q, semi-stress range for direct and shear stresses respectively 2 N/mlbf/in?
S mean stress N/m? Ibf/in?
Shin' Smax  Minimum and maximum stresses in fatigue cycle respectively

1.2 Fatigue Limit Symbols

ESDU Copyright material. For current status contact ESDU.

Q,0(®) fatigue limit under torsional loading in terms of shear stress 2N/m  Ibffin?
S m(N) fatigue strength at enduraniddor a given mean stress Nm Ibf/in?
S,0(N) fatigue strength at enduranlevhenS, = 0 N/m? Ibf/in?
S,am(®) fatigue limit under axial load at a given mean stress N/m? Ibf/in?
S,po(®)  fatigue limit under axial load whegy, = 0 N/m? Ibf/in?
S,go(®)  fatigue limit under bending loading whé&g = 0 N/m? Ibf/in?
S, r(%) fatigue limit under axial load & = 0 N/mf Ibf/in?
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1.3 Suffixes
10 relates to 10 per cent probability of survival of a population
with a confidence interval of 95 per cent
90 relates to 90 per cent probability of survival of a population

with a confidence interval of 95 per cent

- a bar over a symbol thuS;ag() , indicates that it relates to a
mean fatigue limit of a population with a confidence of 95 per
cent.

Both S| and British units are quoted.

2. INTRODUCTION

This Item provides data on the fatigue strength at high endurance 6fehigy| and low alloy steel
specimens under alternating stress. Data are provided on bending, axial and torsional loading. The data ar
grouped according to the type of loading and stress ratio applied. In RAgdirésand9 curves are plotted

of fatigue limit against tensile strength for specimens under the various load conditions. This enables an
assessment to be made of the maximum alternating stress that may be applied to a component manufacture
of steel of a known tensile strength. Austenitic stainless steels, precipitation hardened martensitic stainless
steels and maraging steels normally do not exhibit a fatigue limit. For such steels the fatigue strengths at
endurances of 0o 17 cycles are given, see Figurg Data Item No. 71009ndicates how these data

may be used in a general strategy when designing against fatigue.

3. FATIGUE LIMIT

In order to correlate data from a wide range of sources a definition of fatigue limit has been selected that
can be applied consistently to all sources. For a fatigue limit to be valid, the data of a given set must first
be examined to determine whether or not a fatigue limit exists. This is done by inspection of a mean line
through all the data. Once the existence of a fatigue limit has been established, its value is taken to be th
mean of (a) and (b) below.

ESDU Copyright material. For current status contact ESDU.

(a) The highest alternating stress at which an unbroken specimen is recorded

and

(b) the lowest alternating stress at which a broken specimen is recorded.

Normally both (a) and (b) occur Bit>2x 106 asiillustrated in SkBtthFigures2, 4, 6 and9 all use this
definition. For some materials, however, a fatigue limit is not indicated by the data, and in such cases a

fatigue strength at a specified endurance is derived from the mean lin&dfltbgrve, usually ai = 10/
or 16° cycles. Figurd 1 gives details of these materials.

In this Data Item a high alloy steel is defined as a steel containing greater than 5 per cent of any one alloying element.
T Data Item No. 71009 “Design against fatigue. Design principles.”
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SPECIMEN AND TEST CONDITIONS

Most test specimens were in the form of round bar, the diameter at the critical section generally being in
the range 5.6 mm to 9.0 mm (0.22 in to 0.35 in), although a few specimens were outside this range, being
up to 50 mm (2.0 in) in diameter. About 12 per cent of the specimens tested were of sheet, tested in
out-of-plane bending and axidR & 0) loading. These had a thickness in the range 0.8 mm to 2.6 mm
(0.032 in to 0.102 in) and a neck width in the range 15 mm to 38.1 mm (0.6 in to 1.5 in).

A wide variety of heat treatment conditions is covered by the data. The surface finish of most specimens
was obtained by grinding and/or polishing, recorded values of the centre-line-average index being
within the range 0.08im to 0j8m (1.2 x20n to 32 x 10%in), although a few specimens were fine
turned. No subsequent chemical, thermal or mechanical treatment was applied after machining, except fo
stress relief in a few cases.

Values off; used in plotting the data points shown were, whenever possible, those obtained from:control
tests on specimens from the same batch of material. Occasionally such a value was not avallable in whict
case the appropriate specification value was used. :

A number of factors such as specimen sigarface finish, grain direction and surface treatment are kn':own
to affect endurance, but are not considered in this Item. All specimens were cut in the longitudinal direction.

See Data Item N0.87016 “Effect of size on fatigue strength of steel components”.
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5. PRESENTATION OF DATA

Mean curves are shown through the fatigue limit data constructed as described in SegtoAs5.3

and5.4. These mean curves are presented in Figjuwehere a comparison of the effect of all four loading
conditions can be made. In addition curves for 90 and 10 per cent probability of survival for 95 per cent
confidence are shown on Figuizst, 6 and9, and the corresponding probability distributions are shown

on Figures3, 5, 7 and10respectively. Table8.1, 8.2, 8.3 and8.4 list the tensile strength of the materials
together with the observed values of the fatigue limit, where available, and the mean and 90 per cent value:
of fatigue limit taken from the curves, where appropriate, for each loading case. ;

5.1 Reversed BendingR = -1, Figures2 and 3

Figure?2 presents 125 fatigue limit values for high and low alloy steels under reversed bending with zero
mean stress. The data were obtained mostly from specimens tested either as a rotating cantilever (single c
two-point loading) or as a rotating beam (four-point loading). Some were obtained from sheet specimens
tested in reversed flexure. About 10 per cent of the data represented are from high alloy steels, and thes
are indicated in the figure.

A mean line is shown that has been constructed from a least squares parabolic fit through the data. It car
be seen from Figure that the relationship between the tensile strength of a steel and its fatigue limit is
approximately linear up to a tensile strength of about 900 MNI80 000 Ibf/if). The data indicate that

this relationship then deviates progressively from the linear until a constant fatigue limit having a mean
value of 715 MN/rf (104 000 Ibf/if) at a tensile strength of 1800 MNI{260 000 Ibf/if) is reached.

The upper and lower curves of Fig@reroject the behaviour of the population from the sample analysis
shown in Figure3. The lower curve indicates a 90 per cent probability of survivased upon a 95 per

cent confidence level, and the upper curve represents a 10 per cent probability of survival, based upon the
same confidence level. Appendixdetails the equations used in these calculations, and should be used
when calculating alternative probabilities of survival and confidence levels.

Figure3 is plotted on Normal (Gaussian) distribution probability paper, and represents the deviation of the
sample data from the mean line shown in Fiduila Figure3 the distribution of the data around the mean

line indicates that the data approximate to a Normal distribution. Owing to the divergence of a small
percentage of data at the extremes, extrapolation of this line should be treated with caution.

5.2 Axial Loading, R = -1, Figures4 and 5

ESDU Copyright material. For current status contact ESDU.

Figure4 presents 32 fatigue limit values for high and low alloy steels under reversed axial loading (that is,
having a zero mean stress). Two of the fatigue limit values are for specimens of high alloy steels, these
being indicated.

The mean curve through the data is constructed from a least squares parabolic fit. The curve indicates n
initial linear region, unlike the bending case. Only two results are available §bevELOO MN/nf
(160 000 Ibfllr?) so that the value at which the curve becomes horizontal cannot be established with any
confidence. The scatter of the data in Figuie greater than that in Figue (which is for bending with

=-1.0).

The upper and lower lines of Figudeproject the behaviour of the population from the sample analysis
shown in Figurés. These represent the 10 per cent and 90 per cent probabilities of survival for a 95 per
cent confidence level.

" Thatis, the probability of attaining a given mean fatigue limit.
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5.3

54

Figure5 is plotted on Normal (Gaussian) distribution probability paper, and represents the deviation of the
sample data from the mean line in Figdr& he distribution of the data around the mean line shows that
this can be taken as a Normal distribution, but the divergence of the data at the extremes indicates tha
extrapolation of the line should be carried out with caution. Calculation of alternative probabilities of
survival and confidence levels should be carried out using the information provided in Apfpendix

Reversed Torsional LoadingR = -1, Figures 67 and 8

Figure 6 presents 56 fatigue limit values for high and low alloy steels under reversed torsional loading
having a zero mean stress. The results are plott€d s(s) dgdinghis figure some 5 per cent of

the data were obtained from high alloy steels. The mean curve through the data was constructed from ¢
least squares parabolic fit.

The initial region of the mean curve of Fig@éndicates a linear relationship between the fatigue limit
and the tensile strength, which continues up to a tensile strength of about 808 {ANO00 Ibf/irs).

The curve then deviates progressively from this linear relationship until, at about 1800° MN/m
(260 000 Ibf/ir?), the fatigue limit becomes constant with increasing tensile strength. This maximum fatigue
limit in torsion is at about 445 MN/m(65 000 Ibf/irf), compared to 715 MN/M(104 000 Ibf/if) in
bending.

The upper and lower curves of Fig@reroject the behaviour of the population from the sample analysis
shown in Figurer. These are the 10 per cent and 90 per cent probabilities of survival for a 95 per cent
confidence level.

Figure7 is plotted on Normal (Gaussian) distribution probability paper, and represents the deviation of the
sample data from the mean line in Figérdhe distribution of data around the mean line indicates that the
data approximate to a Normal distribution, but the divergence of the data at the upper end indicates that
extrapolation should be treated with caution. Calculation of alternative probabilities of survival and
confidence levels should be carried out using the information provided in Appendix

Figure 8 repeats the data of FiguBeand shows two curves, the upper, solid curve being the mean line
through the torsional data from Figuieand the lower, brokep curve, representing the mean line through
the bending data of FiguBemodified using von Mises criteriotthus,

Quol=) = =S;50(). (5.1)

It can be seen from FiguBethat designing for torsion using bending data modified by the factor derived
from the von Mises criterion is conservative. It must be noted that although the von Mises criterion is most
commonly used in connection with yielding, it has been suggested for use with fatigue crack initiation data,
see Referencet3 and45.

Axial Loading, R = 0, Figures9 and 10

Figure9 presents 27 fatigue limit values for high and low alloy steels under zero to tension loading, that
is, axial loading where the mean stress is equal to the semi-stress range. Some of the data are for high allc
steels and these are indicated.

The mean line through the data was obtained using a linear least squares fit. Within the range of those dat
there is no deviation from this linear region. There are no data availablg>@400 MN/m
(160 000 Ibf/ir?) and so the curve should not be extrapolated beyond its end point.

See Table 3.1 of Data Item No. 73004 “Criteria of yielding for ductile materials under static load”.
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5.5

5.6

5.7

The upper and lower curves of Fig@eroject the behaviour of the population from the sample analysis
shown in Figurel0. These are the 10 per cent and 90 per cent probability of survival boundaries for a 95
per cent confidence level.

Figurel10is plotted on Normal (Gaussian) distribution probability paper, and represents the deviation of
the sample data from the mean line in Figur&he distribution of the data around the mean line shows
that this can be taken as a Normal distribution. The divergence of the data at the extremes indicates tha
extrapolation should be carried out with caution. Calculation of alternative probabilities of survival and
confidence levels should be carried out using the information provided in Appendix

Fatigue Strength of High Alloy Steels in BendindgR = -1, Figure 11

The curves given in Figurkl are for steels containing high percentages of particular alloying elements
(generally greater than 5 per cent). Curves indicating the mean of test results and 90 per cent boundarie
of the results are given. The curves are grouped according to the various types of steel over the range ©
tensile strength for which data are available, and refer to steels for which only a fatigue strength at a
particular endurance can be provided.

The data that are available for austenitic stainless steels suggest that there may be a fatigue limit at a
endurance of approximately 1feversals. However, since only a few results are available it is suggested
that the curves should be interpreted as the fatigue strﬁg;wﬂ@7).

No definite fatigue limits were established for precipitation hardened martensitic stainless steels and
maraging steels within the range of endurance lle:tCﬂ.OB reversals. The curves for these steels should
therefore be taken to indicate the fatigue streSg@(iLOS) and are not applicable foi>108

Effect of Mean Stress on Fatigue Strength at High Endurance of Low Alloy Steels, Figut2

In Figurel2test results are shown that each represent a fatigue limit or fatigue strength at high endurance.
It must be noted that in this figure the fatigue limits are not as defined in S&dtisrare the fatigue limits
obtained by the authors of the papers from which data have been obtained. Curves are provided for

Sun(N)/Syp(N)= 1 — (S, /)M (5.2)

for values ofmof 1.0, 1.5 and 2.0. Figuri2 demonstrates that for low alloy steels of tensile strength up
to 1400 MN/nf (200 000 Ibf/irf) it is usually conservative to use the linear relationship in whighL.

Tabular Presentation of Data

Tables8.1, 8.2, 8.3and8.4 list the steels on which Figur@s4, 6 and9 are based. The tables present the
material specifications, which are grouped in ascending order of tensile strength, according to the country
of origin. The test and specification values of tensile strength for the steels are recorded where available.
The last four columns of the tables represent the various loading conditions, bending, axial and torsion, all
for R=-1, and axial loading fé&t= 0. Each of these is further sub-divided into three columns, representing,

in order, the actual recorded value of fatigue limit obtained from the approprdteurve, the value
obtained from the mean curve for the particular loading condition at the required tensile strength and the
value obtained from the 90 per cent probability of survival curve (at 95 per cent confidence). Where an
actual value is not available the box is empty. All values derived from the curves are indicated in parenthesis,
and where the curve does not extend to the necessary tensile strength no value is provided.
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6. DERIVATION AND REFERENCES

6.1 Derivation

The derivation lists selected sources that have assisted in the preparation of this Item.
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The references given are recommended sources of information supplementary to that in this Data Item.
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7. EXAMPLE

It is required to estimate the fatigue limit of a steel under bending loadify=orl, axial loading for
R= -1, torsional loading foR = —1 and axial loading fd® = 0. The steel is manufactured from DTD 740
and has a tensile strength of 636 MR/m

Using Tables.1, 8.2, 8.3 and8.4 an initial check can be made to see if the steel DTD 740 is present. In
this case the steel is not present in any of the tables, and the curves must be used to estimate the requir
fatigue limits.

For the first loading condition, bending loading BF -1, the curve in Figur2 should be used. At the

given tensile strength, the upper curve in the figure gives a fatigue limit at which the steel has a 10 per cen
probability of survival, the centre curve gives the mean fatigue limit, and the lower curve gives the fatigue
limit for a 90 per cent probability of survival. Thus, for a tensile strength of 636 Kitkermean value of

the fatigue limit is 355 MN/mand the fatigue limit for a 90 per cent probability of survival is 302 MN/m

Similarly, values of fatigue limit can be taken for the other loading conditions from their respective curves.
In this example the results can be seen tabulated below.

TABLE 7.1 Results for DTD 740, having a tensile strength of 636 MN/m

S () forR=-1 S () forR=-1 Q,o() forR=-1 S,g(®) forR=0
(MN/m?) (MN/m?) (MN/m?) (MN/m?)

Sa Sa Sa90 Sa Sa Sa90 Qa Qa Q6190 Sa Sa S6190

- 355 302 - 393 301 - 240 209 - 260 245

It must be noted that the 10 and 90 per cent probability of survival curves are based upon a 95 per cen
confidence level. Appendi& details the statistical method used, and explains how values for alternative
confidence levels and/or probabilities of survival may be calculated.
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8. TABLES
TABLE 8.1 BRITISH SPECIFICATIONS
f, Sago(®) Saro(®) Qao(*) Sar(*)
. R =-1(BENDING) | R =-1 (AXIAL) R = -1 (TORSION) R =0 (AXIAL)
Material Heat treatment M N/m2) 2 2 2 2
specification (MN/m®) (MN/m®) (MN/m®) (MN/m®)

Spec Testl S | S; |Swo| Sa | Sa [ S0 | Qa | Qa |Qaso| Sa | Su | Saco
Mild steel DDO | = 592|286 (158) (108) 230 (236) (143) a0a)  (12) @04)  (84)

Basic open hearth| Oil quenched 850°C,| 579 | 588 | 238| (322) (269) (371) (278) (215) (184) (238) (2[18)
steel to BS 24 prt 11.5 — 2.5 min,
Tempered 510°C
Basic open hearth| Oil quenched 850°C,| 579 | 588 | 272| (322) (269) (371) (278) (215) (184) (238) (2[L8)
steel to BS 24 prt 11.5 - 2.5 min,
Tempered 510°C
Acid open hearth |Oil quenched 850°C,| 579 | 608 | 284| (333) (280) (378) (28%) (222) (190) 247) (2R7)
steel to BS 24 prt 12 — 3 min,
Tempered 510° C
Acid open hearth |Oil quenched 850°C,| 579 | 608 | 265| (333) (280) (378) (28%) (222) (190) (247) (2R7)
steel to BS 24 prt 12 — 3 min,
Tempered 510° C
Acid open hearth |Oil quenched 850°C,| 579 | 608 | 243| (333) (280) (378) (28%) (222) (190) 247) (2R7)
steel to BS 24 prt 12 — 3 min,
Tempered 510° C

18/8 Austenitic 1 h at 600°C in - 689 | 359 | (374) (321 (407) (314) (258) (221) (283) (263)
stainless steel vacuum

Austenitic stainless— - 800 | 440| (432) (379 (443) (350) (29R) (260) (333) (31L3)
steel DTD 166B

BS En36 Oil quenched 780°C,| - 848 | 429 | (455) (402 (456) (363) (307) (275) (354) (334)
3% Ni-Cr Tempered 400°C

BS En 24 Oil guenched 840°C,| - 865 | 490 | (463) (410 (461) (368) (312) (280) (361) (341)

1¥%% Ni-Cr-Mo Tempered 700°C

Note that numbers in parentheses indicate values taken from figures.
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TABLE 8.1 BRITISH SPECIFICATIONS (Continued)
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f, Sapo(®) Sar0(®) Qao(*) Sar(*)
. R =-1(BENDING) | R =-1 (AXIAL) R = -1 (TORSION) R =0 (AXIAL)
Material Heat treatment M N/m2) 2 2 2 2
specification (MN/m*®) (MN/m*©) (MN/m*©) (MN/m*®)
Spec.| Test S, Sa | Sa0 | Sa Sa | Saso | Qa Qa |Qago| Sa Sa | Sa%0

BS Cm151 - - 910 | 484 | (483) (430 472) (379) (326) (294) (381) (361)
BS 2S96 - - 924 | 453 | (490) (437 (476) (383) (33D) (298) (388) (368)
S11 Basic electric | Oil quenched 830°C,| 829 | 931 | 498| (493) (440 (478) (385) (332) (3Q0) (391) (3F1)
arc steel Oil quenched 607°C
(60 tons/ir)
S11 Basic electric | Oil quenched 830°C,| 826 | 942 | 506| (497) (444 (480) (387) (33p) (303) (396) (36)
arc steel Oil quenched 610°C
(60 tons/ir)
S11 Acid open Oil quenched 830°C,| 851 | 942 | 523| (497) (444 (480) (387) (33p) (303) (396) (36)
hearth steel Oil quenched 655°C
(60 tons/i)
S11 Basic electric | Oil quenched 830°C,| 845 | 947 | 519| (500) (447 (481) (388) (336) (304) (398) (318)
arc steel Oil quenched 585°C
(60 tons/ir)
S11 Acid open Oil quenched 830°C,| 775 | 947 | 512| (500) (447 (481) (388) (336) (304) (398) (318)
hearth steel Oil quenched 620°C
(60 tonsfirf)
S11 Basic electric | Oil quenched 830°C,| 845 | 947 (500) (447 (481) (388) (336) (304) (398) (378)
arc steel Oil quenched 585°C
(60 tons/irf)
S11 Acid open Oil quenched 830°C,| 775 | 947 (500) (447 (481) (388) 269 (33p) (30Q4) (398) (318)
hearth steel Oil quenched 680°C
(60 tons/irf)
BS En24 - - 955/ 506 (503) (450) (48B) (390) (339) (307) (4101) (381

gnH Buiieys yuawnoaog

Note that numbers in parentheses indicate values taken from figures.
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TABLE 8.1 BRITISH SPECIFICATIONS (Continued)
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f, Sapo(®) Sar0(®) Qao(*) Sar(*)
. R =-1(BENDING) | R =-1 (AXIAL) R = -1 (TORSION) R =0 (AXIAL)
Material Heat treatment M N/m2) 2 2 2 2
specification (MN/m*®) (MN/m*©) (MN/m*©) (MN/m*®)
Spec.| Test S, Sa | Sa0 | Sa Sa | Saso | Qa Qa |Qago| Sa Sa | Sa%0
S11 Basic electric | Oil quenched 830°C 700 967 591 (508) (455) (486) (393) (342) (B10) 407) (38]
arc steel
S11 Basic electric | Oil quenched 830°C 700 975 504 (512) (45%9) (488) (395) (344) (B12) 410) (39
arc steel
(60 tonsfirf)
S11 Basic electric | Oil quenched 830°C,| 700 | 975 (512) (459 (488) (393) 301 (344) (312 (410) (300)
arc steel Oil quenched 650°C
(60 tonslirf)
BS 25106 - — | 1010 503 (526) (47B) (495) (402) (3p3) (321) (426) (406
Austenitic stainless— - 1014| 520| (523) (470) (496) (403) (354) (322) 427) (407
steel DTD 166B
BS En19 - - | 1027 519 (533) (48D) (499) (406) (357) (3R5) (433) (413
BS Cm152 - — | 1041 594 (538) (48p) (501) (408) (361) (329) (439) (419
BS En24 Oil quenched 840°C,| - 1055| 606 | (544) (491 (504) (411) (364) (332) (446) (426)
1%2% Ni-Cr-Mo Tempered 600°C
BS 2597 - - | 1079 540 (553) (500) (508) (415) (3Y0) (338) (456) (436
BS Cm151 - — | 1089 577 (557) (504) (510) (417) (372) (340) (461) (441
BS Cm154 - - 1103| 623| (562) (509 (512) (419) (376) (343) (467) (447)
BS En36 Oil quenched 780°C,| - 1148 | 556 (578) (525 (520) (427) (38b) (353)
3% Ni-Cr Tempered 400°C
BS En25 Oil quenched 850°C,| 1141 | 1220| 651| (602) (549) (529) (43p) (399) (367)
Neutral open Tempered 520°C
hearth steel
BS En26 Oil quenched 830°C,| 1096 | 1222| 653| (603) (550Q) (399) | (367)
Basic open hearth| Tempered 640°C
steel
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Note that numbers in parentheses indicate values taken from figures.
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