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ABSTRACT

In this report are presented the results of axial-load (completely
reversed) fatigue tests on Tricent (Inco), Cru. SHS-260 and Super TM-2
steels heat treated to strength levels between approximately 250,000 and
300,000 psi. The fundamental effects of several varlables on the fatlgue
properties of these steels are discussed and evaluated. These variables
included the notch sharpness or the stress concentration, the strength
level and the specimen orientation.

The results indicated that the fatigue strength was lowered as the
stress-concentration fector was increased, a maximum lowering effect oc-
curring for stress concentratlon factors between one and three. Thils ef-
fect was observed to depend upon the strength level. The endurance limit
for both emooth and notched specimens developed minimum values at a strength
level between 240,000 and 260,000 psi, and maximum values at a strength
level between 270,000 and 300,000 psi approximately. In general, the en-
durance 1limit was found to be lower for transverse than for longitudinal
specimens. Furthermore, this effect was much more pronounced for smooth
than for notched specimens and was observed to be severe at high strength
levele and to decrease with decrease 1n this quantity.
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INTRCDUCTION*

The repeated occurrence of fatigue failures in steel parts heat
treated to strength levels above 200,000 psi has resulted in the belief
that steels heat treated to such high-strength values possess fatigue
properties inferior to those of steels in the range below 200,000 psi (1)%*,
However, a number of recent investigations (1), (2), (3) have demonstrated,
contrary to common concepts, that high-strength steels may exhibit endur-
ance-strength values considerably superior to those of steels heat treated
to a strength of 200,000 psi or lower. The metallurgical considerations
alone are, therefore, insufficient for the prediction of performance and
other factors, particularly those resulting from certain design require-
ments, cannot be ignored. :

In a previous investigation performed at Syracuse University (3),
rotating beam fatigue tests were performed on a number of high-strength
aircraft steels. The results indicated that while the endurance ratio¥¥¥*
of both smooth and notched specimens decreased, the endurance limit, in
general, slightly increased with increase in the tensile strength above
200,000 psi.

In this investigation the fundamental effects of a number of

variables on the fatigue properties of high-strength steels were examined.
Tensicn-compression (R = -1)%%x* fatigue tests were performed on specimens
machined from 3 to 4-1/2 inches (round or square) hot rolled sections

from commercial, electric-furnace heats. The strength range investigated
varied between 250,000 and 300,000 psi approximately. One to three strength
levels were investigated in each of Tricent (Inco), Cru. SHS-260 and Super
-2 steels. 1In all inetances both longitudinal (parallel to the rolling

* Manuscript released by authors September 1, 1956 for publication as &
WADC Technical Rerort.

%% Numbers in parentheses refer to the bibliography.
*%¥Endurance ratio is the ratic of endurance limit to the tensile strength.

*%%¥R 1is the ratio between the minimum and maximum strese applied to the
specimen.
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direction, symbol L) and transverse (perpendicular to the rolling direction,
symbol T) were tested. Unnotched specimens (K = 1)* and specimens provided

with notches leading to stress concentrstion factors, K = 3, 5 and 8 were
examined. :

* K 1s the theoretical stress-concentration factor as computed by Neuber's
theory.

WADC TR 56-395 Pt 2 2



EXPERIMENTAL PROCEDURE

1. Materials:

The eteels examined in this investigation were hot rolled sections
from commercial electric-furnace heats of Tricent (Inco), Cru. SHS-260 and
Super TM-2. The chemical analyses and the as-processed section sizes of
these steels are presented in Table I.

2. Test Specimen:

The fatigue and notch-fatigue specimens used in this investigation
are presented in Figure 1. They were rough machined to approximately 0,015
inch oversize on each surface and finished to proper dimensions after heat
treatment. Smooth specimens were mechanically polished in a direction
parallel to their axes. This was accomplished by turning the specimen
against & fine polishing belt moving parallel to the specimen and tightly
pressed along its contour. Notches, on the other hand, were finish ma-
chined by means of a properly ground carbide tool.

The specimens were hested to the recommended austenitizing temperature
for each steel, and maintained at this temperature for a period of one hour.
They were then oil quenched, tempered for a period of four hours and air
cooled.

3. Fatigue and Notch Fatigue Tests:

All fatigue and notch fatigue tests performed in this investigation
were of the tension-compression type with the stress ratio malntained
constant at R = -1.

The smooth specimen used in this study is 1llustrated in Figure 1(a)
and the notched specimen in Figure 1(b)*. The notch on the latter specimen

* The 3 in. dia. Super TM-2 steel section was forged, by upsetting in the
rolling direction, into 4 in. square slabs. This was done in order to
allow the preparation of 4 in.-long transverse specimens.

WADC TR 56-395 Pt 2 3
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was of the 60-degree, S5O-percent type where the 50 percent represents the
area removed by notching. Three different stress concentration factors
vere employed, namely X = 3, 5 and 10. The radli at the notch root, cor-
responding to these stress-concentration factors, were computed by Neuber's
theory according to Peterson (4) and are given in Table II.

A 1000 pound Sonteg Fatigue Testing machine was used in this progrem.
By means of a special amplification device, Figure 2, this machine was con-
verted into an axial-lcad fatigue machine, capable of exerting a maximum
load of + 8,000 pounds. To insure concentricity of loading, the fixture
shown in Figure 3 was used. The assembly conslsting of the specimen and
the aligning fixture was aligned by bringing the two outer plates (marked
A) into parallelism. This was dcne by adjusting one or more of the six
adjusting screws indicated in Figure 3. The whole assembly was then placed
between the two parallel platforms of the amplification fixture, as ipndi-
cated in Figure 2, and screwed to them, pains being taken not to disturd
the slignment of the specimens.

WADC TR 56-395 Pt 2 5



TABLE IT

STRESS-CONCENTRATION FACTORS AND CORRESPONDING
NOTCH RADII FOR NOTCH-FATIGUE SPECIMENS

D - in. d - in. K r - in.
3 0.009
0.250 0.177 5 0.003
8 0.001
D = Unnotched Diameter
d = Notch Diameter
r = Notch Root Redius

WADC TR 56-395 Pt 2 6



EXPERTMENTAT RESULTS

1. Experimental §-N Curves for Smooth and Notched Specimens:

The results of axlal-load fatigue tests performed on longitudinal
and transverge, both smooth and notched, specimens are presented in Figures
L to 9 for Inco steel; in Figures 10 to 13 for Cru. SHS-260 steel; and in
Figures 14 and 15 for Super TM-2 gteel. The curves were accurately estab-
lished for the range of 102 to 10° cycles. No experimental values could
be obtained for less than 100 cycles as the equipment reached full speed
and load only after about 50 cycles; and the counter recorded in multiples
of 100 cycles.

However, previous investigations on both smooth and notched specimens,
(5), (6) and (7) indicate that the direct-stress fatigue strength of various
metals, including high-strength steels, differs only slightly from the ten-
glle-strength of the material, if the number of cycles to fallure is less
than about 100. This fatligue data also agrees well with the concept that
the tenslile strength represents the origin of the S-N curve, in spite of
the quite different rate of loading in the static and dynamic tests,
respectively. '

The curves in Figures 4 to 15 are, therefore, extended by dotted
lines to lower cycles, indlicating their expected position in thls range
which could not be experimentally covered.

It may be noted from Figures 4 to 15 that the S-N curves smoothly
extrapolate at the left to the tensile strength and notch strength velues.
The only exceptions in thils respect are a few transverse specimens of Cru.
SHS-260. This discrepancy 1s explained by the fact that a different heat
was used for the fatigue test than for the tension and notch-tension test
and that the latter heat obviously possessed inferior transverse propertles.

It is further observed that the direct-stress S-N curves for smooth
and notched specimens respectively usually intersect or come very close
to doing so. This also applies to the highest strength levels investiga-
ted, see Figure L, and even to transverse specimens, see Figure 5. In con-
trast, the previously obtained bending-fatigue S-N curves of the highest
strength levels extrapolated to static (bending) strength values which were
considerably higher for smooth than for notched specimens, see Figure Lk,
Ref. (3). This was ascribed to the fact that the nominal bending strength
of a smooth specimen having a high ductility should be much in excess of
its tensile strength, while such "bend-strengthening" may be expected to

WADC TR 56-395 Pt 2 7



be rather small in the case of notched specimens having low ductility.
This problem is being further investigated at Syracuse University.

The axial-load fatigue strength of notched specimens is observed
to fall below that of smcoth specimens in the range above 200 cycles ap-
proximately. In general the difference between notch- and smooth-fatigue
strengths increases to & maximum value at about 10* cyclee and decreases
with further incresse in the number of cycles.

Below about 200 cycles, however, the notch-fatigue strength can be
above or below the smooth-fatigue strength, approaching the static notch-
tension strength at 1 (or 1/4) cycle. This static notch-tension strength
can be greater or less than the tensile strength depending upon the duc~
tility and notch sensitivity of the steel (3).

2, Effect of Stress Concentration on Endurance Limit of High-Strength Steels:

As previocusly mentioned, the fatigue program included tests on smooth
specimens and on specimens provided with notches leading to stress concen-
tration factors of 3, 5 and 8. The results of these tests are presgented
in Figure 16 as the endurance limit versus the stress concentration for
both longitudinal and transverse specimens. Thegse results clearly reveal
that the effect of stress concentration on the endurance limit is most
severe when the stress concentration is between 1 and 3 and is more pro-
nounced at high than at low strength levels. Beyond a value of 3 the effect
of stress concentration is minimized and th® curves appear to approach a
certain value of endurance limit assymptotically. This behavior is equally
true of the three strength ranges indicated and of both longitudinal and
transverse specimens. However, it appears that the effect of the eritical
range of stress concentration (K = 1 - 3) on the endurance limit is much
more pronounced in the longitudinal than in the transverse direction.

In the previous work on similar steels, heat treated to very high
strength levels (3), rotating-beam bending-fatigue tests were performed
for the same stress concentrations as used here. These regularly yielded
minimum values of endurance limit for a stress concentrstion of K = 3, as
shown for one example in Figure 17. However, it was already pointed out
at that time that these specimens (K = 3) were finished by grinding while
all other notched specimens (K = 5 end 8) were finish machined with s car-
bide tool. In contrast, maximum notch sensitivity at an intermediate stress
concentration (K = 3) was absent in the direct-stress fatigue tests reported
here. These specimens were sll finish machined. While the difference in
test procedure--bending vs. direct stress-renders a definite statement im-
possible, 1t now still becomes very probable that grinding, in contrast to
finish machining, of & notch decreases the endurance limit of super-high-
strength steels by nearly 20,000 psi or 30 percent.

WADC TR 56-395 Pt 2 8



The effect of stress concentration is further illustrated in Figure 18
vhere the ratio of endurance limit of smooth to that of notched specimens
is plotted against the stress concentration factor using the tempering
temperature as parameter. Only longitudinal properties are considered in
this greph since transverse properties are, in gemeral, subject to & greater
degree of scattering. Previous tests on high-strength steels related gen-
erally to milder notches (1), (2), which revealed that the ratio of the
endurance limits of smooth to notched specimens was generally equal to the
stress concentration for mild notches, but became appreciably less than this
as the stress concentration was increased. The results obteined in this pro-
gram were, in general, observed to agree well with previous evidence.

Figure 18 indicates that the ratic of the endurance limits of smooth
to notched specimens increages rapidly as the stress concentration factor
is increased from 1 to 3. As the stress concentration is increased above
K = 3, this ratlo continues to increase at slower rates which vary with
the steel composition and the tempering temperature.

The results presented in Figure 18 indicate that, of the three steels
examined, Tricent (Inco) steel is the most sensitive to notching, particular-
ly when tempered at 4OO°F. On tempering at 550 and TOO°F Tricent steel
exhibits a notch sensitivity comparable to that of Super TM-2 steel tempered
at 500°F. Cru. SHS-260 possesses the least sensitivity to notching, par-
ticularly when tempered at 550°F.

3. Dependence of Endurance Limit on Tempering Temperature or Btrength Level:

It was generally accepted that the endurance limit of heat-treated
steels increased with increase in strength level to a maximum value at a
strength level of approximately 200,000 psi, and then gradually decreased
with further increase in strength (1). However, the results of tests on a
number of high-strength steels (1), (2), (3) have demonstrated that the
endurance limit may continue to increase with increase in the strength
level above 200,000 psi. 1In the present investigation the strength level
examined extended between 240,000 and 300,000 pei approximately, and the
results obtained were, generally, in good agreement with the trends pre-
viously established.

Figure 19 summarizes the results of fatigue tests performed on three
steels which ranged in carbon content from 0.35 to 0.41%. This graph 1l1-
lustrates the dependence of the endurance limit and the endurance ratio on
the tensile strength. For all testing conditions examined, the endurance
limit appears to attain a minimum value at a strength level between 240,000
and approximately 260,000 psi. Above 260,000 psi the endurance limit in-
creases to a maximum value which occurs between 280,000 and 300,000 psi for
smooth gpecimens, and between 270,000 and 290,000 psi for notched specimens.

WADC TR 56-395 Pt 2 9



The endurance ratic depends upon the tensile strength in a manner
similar to that of the endurance limit.

L, FEffects of Directionality on the Endurance Limit of High-Strength Steels:

Figure 19 illustrates the reduction in endurance limit produced by
changing the specimen orientation from parallel to perpendicular to the
rolling direction. The effect of directionslity on the endurance limit is
observed to be most severe with unnotched (smooth) specimens. The endurance
limit of transverse smooth specimens may be as much as 40% lower than longi-
tudinal smooth speclmens depending upon the strength level. This effect is
pronounced at high strength levels and decreases with decresse in strength
level.

The effect of directionality on the endurance limit of notched speci-
mens is much less severe than that discussed for smooth specimens. However,
the effect does exist and 1s responsible for a maximum drop of about 15% in
the endurance limit when the specimen crientation 1s changed from longitudi-
nal to transverse. The fact that the difference between longitudinal and
transverse strength 1s greater for smooth than for notched specimens is prob-
ably explained by a difference in stress state. The regular tensile test
comprises unlaxial load application, while high latersal stresses develop
on loading a notched section. Therefore, in a tensile test on a smooth
section, only the metal properties in the testing direction are of signifi-
cance. In contrast, the strength of notched sections may well depend on
the propertiesin the directions perpendicular to that of testing, as well
as in that of testing. Confirming this concept, it has been repestedly
obgerved that a low transverse notch strength is slso correlated with a
comparatively low longitudinal notch strength. However, as this effect is
rather smell, 1t has not yet been deflnitely established.

WADC TR 56-395 Pt 2 10



CONCLUSIONS

The results presented in this report can be summerized as follows:

1. The fatigue strength of notched specimens in the low cycle range
may be greater or less than the fatigue strength of smooth specimeng depend-
ing upon the number of cycles, and notch sensitivity of the steel. 1In
general, the notch-fatigue strength is above the smooth-fatigue strength
below about 102 cycles, and the reverse is true beyond about 102 cycles.

2. The endurance limit decreases with increase in the stress con-
centration. This effect is pronounced for stress concentrations between
1 and 3 and decreases with further increase in the stress concentration.

3. 1In genersl the endurance limit and the endurance ratio of both
smooth and notched specimens develop minimum values between 240,000 and
260,000 psi, and maximum values between 270,000 and 300,000 psi.

L. The effects of directionality on the endurance 1imit are more

pronounced with smooth than with notched specimens and at high than at
low strength levels.

WADC TR 56-395 Pt 2 11
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FIG. 2 PHOTOGRAPH OF AMPLIFICATION FIXTURE.
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TABLE T1I

AXIAL~LOAD FATIGUE DATA FOR SMOOTH AND NOTCHED TRICENRT (INCO) STEEL
SPECIMENS TEMPERED AT LOO°F

|
Type of

Fatigue Strength - 1000 psi Fatigue Life - 10Q0 Cycles
Specimen| K =1 | K=3 | K=5 [ K=8 ] K=1) K=3] K=5 K=28
100 34 35 35 1445.9 | 1635.5 | 1796.0 | 1927.5
L 433.9 .
125 43 L0 35 1167.4% | 1020.3 225.0 589.
% | 150 50 L5 Lo L4.8 | 2013.9 52.3 | 105.9
E ! 175 61 70 60 18.4 1.7 18.4 30.5
% E 200 61 75 75 5.9 270.0 9.7 8.3
% E ; *227 82 100 100 ¥1.5 9.6 2.4 2.0
'é | 102 150 , 150 3.8 0.7 0.6
% | 1e7 {_¥200 é 11 | 1.3 | %02 *0.1
E__ ; 148 é ; 1.0
i 1_ % 197 E | %0.2
5 | . %260 % | *0.1 |
% 75 i Ls E 35 40 |1387.0 2453.6 I17720. 1766.6
, | w0 | 8 4o 55 || 484 168.6 | 93.6 | 20.0
g E 139 % 61 % hs i 75_—1__ 12.3 31.9 102.5 ahg#_
§ 150 % 83 70 100 16.7 9.1 2.5 2.1
; -
175 i 122 ! 100 | 150 13.3 2.3 3.6 .3
200 i 151 E 150 L %195 2.7 0.8 0.7 T w0
Tae | w0 | | w8 %2
i E 217 | 250 0.1 0.1
#nderstressed
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TABLE IV

AXTAL-LOAD FATIGUE DATA FOR SMOOTH AND NOTCHED TRICENT (INCO) STEEL
SPECIMENS TEMPERED AT 550°F

Type of L Fatigue Strength - 1060 psi Fatigue Life - 1000 Cycles
Specimen
K=1 K=3 K=5 K =28 K=1 K =3 K=5 K=28
100 e 5 L5 1200.4 | 1692.0 | 1637.3 | 1996.5
110 60 50 50 1100.4 321.2 32.9 e2.1
125 75 50 75 b7 19.5 | 1598.8 8.5
g | 150 83 75 100 104.0 13.4 14,0 3.3
'g 175 100 100 125 18.5 5.4 3.4 1.5
E% 200 126 150 150 5.4 1.0 1.1 0.7
*218 200 200 #196 *#2 .l 0.4 0.2 *0.2
225 250 *250 2.0 0.2 *0.1
*283 *0.8 B
75 ks 50 30 2183.6 |17925. 1587.7 | 2356.6
100 50 60 35 156.1 | 117.5 19.3 | 239.7 V
125 75 75 35 37.7 | 17.6 7.0 | 86.6
8 | 150 100 100 45 29.0 18.4 6.8 31.1
% 175 150 150 50 10.4 11.0 0.8 15.1 )
& | 200 250 | %200 100 bk ¥0.2 %0.2 2.4
225 300 250 150 1.5 0.1 0.1 0.5 )
#225 250 *193 ¥1.1 0.1 *o.éim
r 225 0.1
¥Understressed
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TABLE V

AXTAL-LOAD FATIGUE DATA FCR SMOOTH AND NOTCHED TRICENT (INCO) STEEL
SPECIMENS TEMPERED AT TOO°F

Type of | Patigue Strength - 1000 psi | Fatigue Life - 1000 Cycles
Specimen '
K=1 K=3 [K=5| K=8| K=1| K=3| K=5 | x=28
100 45 Lo 31 2384.0 116640. 197k.2 2611.0"_
110 50 L5 50 1622.4 185.5 176.0 43,2
125 75 60 65 552.0 22.3 8.6 8.1
ré 150 100 75 75 49.3 3.8 21.8 8.k
2 150 150 100 100 77.2 0.9 1.9 3.1
E 175 200 150 150 11.6 0.3 0.5 o.}+_}
200 250 ¥198 200 7.8 0.2 *0,2 0.1
#227 *300 *¥250 *0,7 %0.1 *0.1
*#230 ¥1.1
5 46 35 30 || 2100.0 |10000. | 1027.7 |2611.
100 50 40 35 Lg. 7 980. 90.9 13o.h—
110 75 45 Lo 51.9 25.4 68.'8 19,7
§ 125 105 75 50 38.5 3.1 1.2 34.8 !
g 150 143 100 75 4.7 0.9 2.9 8.-l+‘mi
E‘. 175 *¥210 150 100 10.2 *0.2 0.5 2.7 |
200 250 *194 150 3.5 0.1 %0.2 013“_3
*242 225 %19k *0.3 | 0.1 *0.2 !
*nderstressed
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AXIAL-LOAD FATIGUE DATA FOR SMOOTH AND NOTCHED CRU. SHS 250 STEEL

TABLE VI

SPECIMENS TEMPERED AT 550°F

Type of Fatigue Btrength - 1600 psi Fatigue Life - 1000 Cycles _
Specimen -
K=1 | XK=3 |[K=35 K=8 || K=1 K=3 K=5 K=28
8o 60 30 30 {|1815.3 |[1200.0 {1000.0 '1900’.0
100 75 35 4o 26k.5 63.6 507.4 180.1
~ 150 100 50 50 60.0 10.7 77.6 35.0
% 200 150 75 75 18.3 2.2 11.3 8.3
150 2Lk 150 100 100 1.8 0.7 3.8 2.3
.§ 200 150 150 0.8 0.8 1.0
250 200 200 0.3 c.2 | “075
! *266 *226 220 %0.2 *0,1 0.1
#225 *0.08 “
- 80 50 25 35 1000.0 |1000.0 [2147.0 {1343.0
100 79 35 Lo 267.2 191.4 z bl 2 élooo.ow
§ 120 85 | 50 50 83.1 6.2 : 47.0 ; bi.s
% 150 100 75 75 21.9 12,1 ! 7.5 i 7.5
g 200 150 100 100 2.9 2.0 2.6 2.2 |
*2L6 200 150 150 *0.5 6.2 0.8 0.k
ou7 225 200 200 0.15 0.1 <0.1 0.1
*233 *#260 *228 *0, 4 *0.,05 *0.1
I *290 | *2U0 *0.1 *0.1
*Inderstressed
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TABLE VII

AXTAL-LOAD FATIGUE DATA FOR SMOOTH AND NOTCHED CRU-SHS 260 STEEL
SPECIMENS TEMPERED AT 800°F

Type of Fatigue Strength - 1000 psi Fatigue Life -1000 Cycles
Specimen
K=1 K=3 K=5 K=8]fx=1 K=3 K=5 K=28
80 .”35 30 30 1811.7 | 1000.0 |1000.0 }1621.8
d00 Lo Lo Lo 79.3 8l .U .3 31.0
L 150 60 50 50 8.5 16.9 20.0 12.1
g 175 T5 75 T5 k.1 4o.2 4.3 3.2
g -
o 200 100 100 100 7.0 2.5 2.6 1.7
,§ 24l 150 150 150 0.2 1.2 0.7 0.7
200 200 200 0.3 0.3 0.2
*#356 *260 *250 *0.1 %0.05 | *0.05
67 30 o5 25 2194.6 | 1900.0 |1214.0 |7000.0
100 40 30 35 187.9 | 289.1 | 683.3 h1.2 j
135 50 40 4o 31.0 | 260.2 oh.bk | 195.3 M
v 150 75 50 Lo 25.2 7.0 29.8 52.0
% 175 100 75 100 5.1 2.3 3.7 2.0
g 200 150 100 150 1.2 1.5 1.9 0.7
*229 200 150 200 *0.6 0.3 0.6 0.1
250 200 *#225 0.2 0.1 0.1 |
¥nderstressed
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TABLE VIII

AXTAL-LOAD FATIGUE DATA FPOR SMOOTH AND NOTCHED SUPER TM-2 STEEL
SPECIMENS TEMPERED AT 500°F

Type of Fatigue Strength - 1000 psi Fatligue Life - 1000 Cycles
Specimen
K=1 | K=3 |K=5 |K=8l x=1] K=3| K=5 | k=8
125 50 50 L 1971.6 | 1742.0 | 1104.0 |1k21.0
140 60 59 50 10k4.7 11.3 59:8 19.4
162 75 75 60 36.0 5.9 6.5 14.0
E 175 87 105 75 20.1 5.0 2.8 L.o 1
S
§ 185 100 150 100 14,5 L.7 0.7 2.9
"é 200 150 200 150 3.1 1.1 0.3 1.0
. *228 200 *284 200 1.5 0.5 0.1 0.2 )
240 80 *#263 4.0 1.0 0.1
75 33 30 20 148k.5 1 1000.0 | 1000.0 |1ll32. 0 N
100 40 50 25 137.2 52.2 18.4 112.1
125 60 75 30 48,7 23.65 5.0 217.9
§ 150 75 100 45 37.4 6.6 2.8 37.9 q
: 200 100 125 75 8.3 3.3 1.4 8.0
g #228 150 150 100 1.6 0.8 1.0 2. 6“ :
245 *230 150 0.7 1.0 o.Tﬁ
nderstressed
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