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Effect of Frequency on Pulsating Stress Rupture Strength for
Notched Bar SpecimenT

Masaki WATANABE®* and Seiroku OGAWA*#*

Abstract

Pulsating stress rupture tests (stress ratio A<I) in various frequency of stress cycle were performed for notched
specimens at elevated temperature in order to study the influence of frequency on rupture strength.

Notched specimens are subjected to combined fatigue and creep damage by pulsating stress so that the rupture
life considerably decreases with increase of frequency and the rupture characteristics are classified into 4 types.

Ruptures are not always dominated by a sum of fatigue and creep damage. In some cases, the creep behavior might
prevent the development of fatigue damage. Therefore the linear life fraction rule in estimation of rupture life of mate-
rials subjected to combined fatigue and creep damage might be not always applicable.

1. Introduction

In materials subjected to a pulsating load at elevated
temperature, both creep damage due to the instantaneous
stress and fatigue damage by cyclic stress will occur.

In many previous investigations!,2)3),4),5) of pulsa-
ting stress creep rupture (stress ratio A<1) for unnotched
specimen, the influence of fatigue for rupture characteris-
tics has not been observed.

For the notched specimen, the creep behavior might
be prevented in notch strengthening materials but the fa-
tigue damage will be promoted. So that the notched speci-
men under the pulsating stress will be subjected to both
fatige and creep damage. Creep damages depend on time
and fatige damages depend on number of cycles of stress.
The higher frequency of stress cycle, the larger fatigue
damage per unit time may occur in materials.

In the viewpoint described above, the pulsating stress
rupture tests for notched specimens were carried out for
Cr-Mo steel at 550°C as well as mild steel at 450°C in

Table 1. Chemical composition of 1Cr-1/2Mo Steel (%)

C! Si {Mn| P S |{Cu| Ni | Cr | Mo

0.11{0.40|0.44/0.011}0.009({0.04|0.03|1.01{045

various frequency of stress cycle in order to study not
only the influence of notch on rupture ‘life under the
pulsating stress but also the rupture characteristics of ma-
terials subjected to combined fatigue and creep damage.

2. Experimental

The materials used in the current investigation are
both 1Cr-1/2Mo steel and mild steel. Chemical composi-
tions of them are shown in Table 1 and 2.

Both materials were received as rolled plate and heat
treating were carried out respectively as follows prior to
machining. Annealing was carried out with a condition of
930°C heating, 45 minutes keeping and 150°C/hr furnace
cooling for the Cr-Mo steel, and 900°C heating, 30 minutes
keeping then furnace cooling for the mild steel.

The Cr-Mo steel was chosen as an example of the ma-
terial of which the rupture life under pulsating stress for

Table 2. Chemical composition of Mild Steel (%)

C Si Mn P S Cu

0.23 0.29 0.80 | 0.016 | 0.023 | 0.09

1 Received on Sep. 21, 1976
* Professor, Director
** Lecture, College of Engineering, University of Osaka Prefecture
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unnotched specimen is independent on frequency of stress

cycle at 550°C (as shown in Fig. 5). On the other hand,the A=0.4 s g_30'm-20kg/mn
mild steel is an example of frequency dependent material A Q=3

] A=0.4 o d 4Um=24kg/mm2
for unnotched specimen at 450°C (as shown in Fig. 6).

= o = 2
The test specimens are notched bar type as shown in A=0.8 ° a=40'm 16kg/mm

. ’\]03
Fig. 1 as well as Fig. 2 and were machined along the roll- =
ing direction of the plate. The stress concentration factor )
| (3]
a=3 and 4 were employed for the specimen of Cr-Mo steel E]O
|—.—
and o=2 as well as 3 for the mild steel specimens as shown @
S~
in Fig. 1 and 2. 210
- Q
Pulsating stress rupture testing machine used in the &
investigation is the same as that used in the previous in- ]
vestigations.1,2),3) The rupture test under pulsating load Cr-to :;gf(]:
were carried out at 550°C for Cr-Mo steel as well as 450°C o | L ,
for mild steel. The stress ratio A of pulsating stress 0.1 1 10 102 10°
(A=0, /04, 0,=stress amplitude, oy =mean stress) were Frequency (c.p.m.)
employed for A<I. The stress wave induced by pulsating Fig. 3 Relation between frequency and rupture time
load in the test specimen is a sine wave.) The frequency
of stress cycle employed for the test are 0.38, 3.8, 38 and
O a=
380 c.p.m.. A=0.4 o g=go’ =24kg/mm?
( | a=0.4 4 82 On-28Kg/m2
a) , 4 Q=3
57% 4,59 o Q=2 S »
3 _E L 3]_0_ | 0.8 m g30m16kg/m
i .
L2 £0]
e——40 ~
( b) . % ]02,—
<3 06 — -
~—2]o8 9— e
3]0.2 _S 10 b
45° é‘ -
o Stress Concentration Factor O : Stress Concentration Factor
3: Notch Root Radius $ :Notch Root Radius T Mild Steel
_ i 450°C
Fig. 1 Test specimen of Fig.2 Test specimen of | L '
Cr-Mo steel mild steel 0.1 l . *
: 1 10 102 103

Frequency (c.p.m.)

. Fig.4 Relation between frequency and rupture time
3. Experimental results

Some of the test results for Cr-Mo steel at 550°C are

3
shown in Fig. 3 and for mild steel at 450°C in Fig. 4. The 10 ‘ )
) . = - Calculated Line

both figures show the relationship between frequency of E | e S L -
pulsating stress and rupture time for the notched speci- ] l—o————n—0——o
mens. Fig. 5 and 6 show the same relationship for the =102 |—
unnotched specimens of respective materials to be com- @ —  Cr-Mo Steel
pared with the notched specimens. a2 550°C

In the case of unnotched specimens, the rupture time §' .

. 10— O m=2Qkg/mm?

take a almost constant vlue for the different frequency of ) L L
stress cycles in Cr-Mo steel as shown in Fig. 5. For the 0.1 1 10 102
mild steel, the rupture time increases with increasing in Frequency (c.p.m.)
frequency of stress C}./CIGS an.d rlfpture life at 380c.p.m. Fig. 5 Relation between frequency and rupture time for
reaches the rupture time which is calculated by equiva- unnotched specimen (Cr-Mo)

-92 -



Notch rupture strength for pulsating stress (193)

103

£ [___Calculated Line

g

o— 2

=10

g

e}

2 Mild Steel  450°C

210 b A=0.3 O m=20kg/mm?

| L I

01 1 10 10

Frequency (c.p.m.)

Fig. 6 Relation between frequency and rupture time for
unnotched specimen (Mild steel)

lent static stress oeq3)for pulsating stress creep rupture
based on linear damage low, as shown in Fig. 6. A fatigue
behavior tobe dependent on number of stress cycles might
not appear in failure of unnotched specimen subjected to
pulsating stress.

For notched specimens, the rupture time decreases
with increasing in frequency of stress cycles as shown in
Fig. 3 and 4. These decreases in rupture time are remark-

able in more sharp notch as well as for larger stress ratio .

A. With the experimental results as described above, it
seems that both creep and fatigue damage occur in a
notched specimen subjected to pulsating stress.

1. Relation between frequency and time to rupture

As shown in Fig. 3 and 4, both creep and fatigue
damage may -occur in a notched specimen under the
pulsating load. Therefore, if the above mentioned equiva-
lent static stress geq for pulsating stress creep rupture are
identical in the different stress ratio and frequency,
pulsating stress will give the same creep damage for speci-
mens,

Each diagram in Fig. 7 ~ 13 shows the relation bet-
ween frequency and time to rupture for the same equiva-
lent static stress eq.

Fig. 7and 8 show the results for the different oeq
and the same stress concentration factor a=3 of Cr-Mo
steel at 550°C. Except for the stress ratio A=0.8in Fig. 8,
rupture time for all specimens take a respective con-
stant value in low frequency region so that the rupture be-
haviors are time dependent. This means that the rupture
behavior is dominated by creep. As frequency increases,
a fatigue damage per unit time increases so that the time
to rupture decreases. The larger stress concentration factor
@, the sooner decrease in time to rupture begins and the
more drastic change in decreasing rate occurs.

In the case of stress ratio A=0.8 in Fig. 8, the time to
rupture decreases with the increase of c.p.m. without
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010 | @=3 Oeq=24kg/mm?

£ [FoA=0.40m=20 kg/mn’
s A A=0.60'm=178kg/mm?
21 HaA=0.80m=16 kg/mm*

L ' | 1
0.1 1 10 102 103

Frequency (c.p.m.)

Fig. 7 Relation between frequency and rupture time for
the same ceq

iy
10° 1 a-3 Oeqs28.8kg/mm? )
O A=0.4 %)'m=24 g/mm
s A A=0.6 (Y m=21.4kg/mm?
~10° = 0 A=0.8 O'm=19. 2kg/mm?
o
=
102 -
5] -
=
}—
®10 —
R
)
o
=
o

I

Cr-Mo Steel
~ 550°c

| | - ]
0.1 1 10 102 10°
Frequency (c.p.m.)

Fig. 8 Relation between frequency and rupture time for
the same oeq

drastic change and it means that a fatigue behavior may
dominate the fracture.

Fig. 9 and 10 show the results for stress concentration
factor a=4. The similar characteristics as in Fig. 7 and 8are
observed. In case of larger equivalent static stress, 0qq=
28.2 kg/mm? (Fig. 8), the stress ratio A=0.6 also shows
the same characteristics as A=0.8 and both decrease in
time to rupture in the lower frequency region compared
with A=04.

The results for mild steel at 450°C are illustrated in
Fig. 11~ 13.

In case of the lower equivalent static stress 0.q=24
kg/mm? as shown in Fig. 11, all the rupture life are identi-
cal in the low frequency region where failures depend on
time. As frequency increases, rupture lives for both A=0.4
and 0.8 decrease drastically exceeding 3.8 c.p.m. and
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10% 10" 10% -
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10° — 10° —A A=0.6 §'m=21.5kg/mm*> | ~10°F a2
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2 2 £ T
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£ | a=40"eq=23.5kg/mm? § E -
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£ 1 A A=0.60m=17.9kg/mn = ] ggowg Steel 1 450°C
O A=0.80m=19.3kg/mm?
0.1 | I i I | 1 0.1 1 l 1 I L [ | ' | N 12 1
Frequency (c.p.m.) Frequency (c.p.m.) Frequency (c.p.m.)
Fig.9 Relation between frequency  Fig. 10 Relation between frequency  Fig. 11 Relation between frequency
and rupture time for the same and rupture time for the same and rupture time for the same
oeq Oeq Oeq
10 104 : =19
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Fig. 12 Relation between frequency Fig. 13 Relation between frequency Fig. 14 N-c.p.m. curves for smaller
and rupture time for the same and rupture time for the same oeq
geq geq
107 107
~ 107 = — i
=Z F  Cr-Mo Steel = Cr-Mo Steel = A -4 Jeq=282kg/mn?
o oc 0 A=0.40m=24 kg/mm?
o 550°C w 550°C o _ .
£ 108k 5 106 €106 |- A A=0.6Qm=215kg/mn
5 10° 210°F 27 [ o0A=0.80m=193kg/mn?
g— = =3
& CS &
S5k B0 810° —
g [ L g 2
— o v-(:
é% 104 S0 - 310" — Oﬁ;jjﬁkk\\\\*ﬁ :i_
a-4 Oegq=235kg/mm « - « p—
s | 2 ° | 6 7 I
e 0 A=0.4Om=20 kg/ mm . d-3_Ceg=28. 8kg/mm g /9/‘3
5 103 A A=0.6 Om=179kg/mm’ 2 10% | 0 A=0.4C0m=24 kg/mm? $10° —
£ L 0A=0.80m=161kg/m? £ L A A=0.6Om=214kg/mm? E L Cr-l:lo Steel
= = 0 A=0.8 Om=192kg/mm? E 550°C
]02 11 P | [ | 1 102 M | 1 ' | ) 102 Il I | | L
0.1 1 10 102 10° 0.1 1 10 102 10° 0.1 T 10 102 102
Frequency (c.p.m.) Frequency (c.p.m.) Frequency (c.p.m.)
Fig. 16 N-c.p.m. curves for smaller Fig. 16 N-c.p.m. curves for larger geq Fig. 17 N-c.p.m. curves for larger geq

Oeq
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Notch rupture strength for pulsating stress (795)

10°
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o > =
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o'loh | _8 ]O"'-" _8 ]04_ E/B (=N
* [~ w0 B %) B I—'—_.:
& 2 2
- 3 (8] 3 [S) 3
- 1 L

‘%’,10 = o 0=geq =24k g/mm? f 0 L Geqa28kg/m f]O i ‘.%
5 A=0.4 9 g-3 Om=20kg/mm?| 5 A=0.49972 Om=24kg/mi| ©
510° F=0.82 82 Gnr6kg/mm | & 10°[T e 5 10°L 4 1
o | A= - m=16kg/mm 2 L - o 7 Mild Steel
2 ma=3 £ A=0.8 0 q-30m=19kg/m € L 450°C
= | | | = L | =

10 1 1 1 I 10 l | 10 1 - | L

0.1 1 10 102 103 0.1 1 102 ]03 0.1 1 10 102 108
Frequency (c.p.m.) Frequency (c.p.m.) Frequency (c.p.m.)
Fig. 18 N-c.p.m. curves for smaller Fig. 19 N-é.p.m. curves for larger oeq Fig. 20 N-c.p.m. curves for the largest
Oeq geq

rupture behavior seems to change into fatigue behavior in
larger stress concentration factor @=3. As for the lower
stress concentration factor a=2, the rupture lives depend
on time up to 38 c.p.m. and the time to rupture decrease
considerably at 380 c.p.m. where the rupture might be
dominated by fatigue behavior.

In case of the higher equivalent static stress geq, the
rupture characteristics are slightly complicated as shown
in Fig. 12 and 13. Both figures show that the rupture
characteristics might be time .dependent in the lower fre-
quency region and the rupture lives decrease with the in-
crease of c.p.m. in the higher frequency region where the
failure might be dominated by fatigue behavior except for
the case of @=3 in A=0.8.

In case of a=3 in A=0.8, the rupture lives decrease
straight with the increase of c.p.m. as shown in Fig. 12 and
13. It is considered that a fatigue may dominate the
failure over the whole frequency range.

2. Relation between frequency and number of cycles to
rupture

Rupture should depend on number of cycles when the
failures are dominated by fatigue behavior so that the
number of cycles to rupture in a given stress condition
reaches a constant value independent of c.p.m. when the
strength of fatigue is independent on frequency or the
constant value fixed by c.p.m. when its strength depends
on frequency.

In such a view point, relation between frequency and
number of cycles to failure are shown in Fig. 14~20 from
the test results.

In Fig. 14~17 for the Cr-Mo steel, it is found that the
rupture characteristics for the smaller 0qq, shown in

Fig. 14 and 15, are different from those for the larger ¢,
shown in Fig. 16 and 17.

In the case of smaller o4 shown by Fig. 14 and 15,
the number of cycles to rupture for the larger stress ratio
A=0.8 of both =3 and 4 as well as for the stress ratio
A=0.6 of a=4 take a maximum value around 38 c.p.m..

As for the smaller stress ratio A=0.4, number. of
cycles to rupture increases continuously with the increase
of c.p.m. over the whole frequency range, although the-
rate of increase in number of cycles to rupture slightly
falls in the higher frequency region.

In the case of the larger 0eq, number of cycles to
rupture in stress ratio A=0.8 slightly increases with the
increase of c.p.m. for both a=3 and 4 as shown in Fig. 16
and 17 respectively. These curves are different from others
and it seems to be a fatigue rupture curves. As for the
A=0.6 for both =3 and 4, curves have the same characteri-
stics as that of the A=0.8 in smaller oq (Fig. 14 and 15)
in the low frequency region, taking a maximum around
3.8 c.p.m. and it may approach the respective fatigue
curve beyond the maximum value in number of cycles to
rupture. In case of A=0.4, there are two types of curve.
One of them is the curve of a=3 which increases conti-
nuously in number of cycles to rupture with the increase
of c.p.m. same as that of A=0.4 in smaller gy and the
other type is in the case of o=4 which takes a remarkable
maximum like the curve of A=0.8 in smaller g¢q -

In the case of mild steel at 450°C, rupture characte-
ristics are different from that of Cr-Mo steel at 550°C.

The results for smaller oeq=24kg/mm2 are illustrated
in Fig. 18. All the number of cycles to rupture increase in
proportion to the frequency up to 3.8¢c.p.m. independent
of stress ratio A. Beyond 3.8 c¢.p.m., in the sharp notch,
o=3, rate of increase in number of cycles to rupture
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decreases in A=0.4 and the curve for A=0.8 takes only a
maximum around 38 c.p.m. As for the blunt notch, both
A=0.4 and 0.8 show linear increase in number of cycles to
rupture up to 38 c.p.m.. Beyond 38 c.p.m., the curve of
A=0.4 holds a constant value and that of A=0.8 takes a
maximim around 38 c.p.m. in number of cycles.

The results for larger 0.4 are illustrated in Fig. 19
and 20. In case of the small stress ratio A=0.4 and blunt
notch o=2, number of cycles to rupture increases in pro-
portion to frequency as shown in the both figures respec-
tively. In the same stress ratio A=0.4, as for the sharp
notch, number of cycles to rupture increases in propor-
tion to frequency up to 38 c.p.m. and then reaches a
maximum around 38 ¢.p.m. followed by slight decrease in
number of cycles to rupture.

In case of the larger stress ratio A=0.8, for the blunt
notch a=2, number of cycles to rupture increases linearly
in proportion to frequency up to 38 c.p.m. and after-
ward increases slightly with increase of c.p.m. in the
smaller 0,q=28kg/mm? as shown in Fig. 19 but in the
 larger oeq=33kg/mm2, N-c.p.m. curve takes a maximum
value around 38 c.p.m. and then slightly decreases at 380
c.p.m. as shown in Fig. 20. '

For the sharp notch o=3 in the same stress ratio

=0.8, the N-c.p.m. curves for both 0¢q=28 and 33
kg/mm? take a gradual increasing with the increase of
frequency as shown in Fig. 19 and 20. These characteri-
stics are same as those for A=0.8 and 0.q=28 kg/mm?
in both a=3 and 4 of Cr-Mo steel and it seems that these
curves show the fatigue strength curve for the mild steel
at 450°C, increasing with increase of frequency.

4. Discussion

Notched specimens under the pulsating stress will
receive a combined fatigue and creep camage. Different
frequency may give a different contribution of fatigue
and creep damage to the specimens because a fatigue
damage per unit time will be fixed by frequency. It is,
therefore, considered that the rupture characteristics
under pulsating stress will be changed by frequency of
stress cycle.

In the current test results for notched specimens, the
rupture characteristics suffered from combined fatigue
and creep damage are classified into the following 4 types.

Type 1. Rupture characteristics are dominated by
fatigue behavior over the whole frequency range so that
the N-c.p.m. curve has gently slope line to abscissa as
shown in Fig. (a).

Type 2. Rupture characteristics are shown by the
N-c.p.m. curve in which a clear maximum appears in
number of cycles to rupture as shown in Fig. (b). Time
dependent rupture behavior in lower frequency region

Vol. 5,No. 2 1976
Vs /
// //
’ &7
Q,Q/ 7/
%/
¢y
// =
= /
//’/ —'—"—
. o
. fatigue
fatigue
c.p.m c.p.m.
Fig. (a) Fig. (b)

Schema of Type 1 Schema of Type 2

c.p.m.

Fig. (c)
Schema of Type 3 ‘

c.p.m.

Fig. (d)
Schema of Type 4

shifts to fatigue rupture behavior which has lower strength
than that of time dependent rupture in higher frequency
region. y

Type 3. The relation between fatigue and creep
strength of this type is similar to the Type 2 and it seems
that the N-c.p.m. curve has the same characteristics as that
of lower frequency region up to a maximum in Type 2,
as shown in Fig. (c). .

Type 4. Rupture behavior dependent on time in
lower frequency region changes gradually to fatigue
behavior dependent on number of cycles of stress as
c.p.m. increasies as shown in Fig. (d).

These 4 types of rupture characteristics are closely
related to the ratio of fatigue and creep damage which is
induced in the specimen by different pulsating stress.

The rupture characteristics of Type 1 appears whenthe
specimen has a sharp notch as well as larger stress ratio
so that the creep behavior is extremely preceded by
fatigue as shown in Fig. 21. These N-c.p.m. curves are
considered to be a fatigue strength curve for each stress
condition respectively. It is reporteds) that the fatigue
strength at high temperature increases with c.p.m. as
shown in this figure.

Rupture characteristics of Type 2 is a interesting
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Notch rupture strength for pulsating stress (197)
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phenomenon. It appears when the fatigue strength is
considerably low compared with the creep strength in
higher frequency region as shown in Fig. 22, 23 and 24.
Fatigue curves shwon by the dotted line in these figures
are the fatigue strength curve expected for each stress
condition.

These fatigue curves are drawn as follows. It is
assumed that the rupture strength A=0.8 at 380 ¢.p.m. for
respective stress concentration factor « is a strength for
100% fatigue. Fatigue strength expected for respective
stress ratio at 380 c.p.m. are obtained from the assump-
tion mentioned above assuming the fatigue strength is
given by 2 0, (0,= stress amplitude) respectively. Passing
through these fatigue strength point for respective stress
ratio at 380 c.p.m., fatigue strength curves are drawn
parallel to the respective fatigue curve in Fig. 21.

Fatigue curves in Fig. 25 and 26 are also drawn in the
same way.

These rupture characteristics mean that the fracture
of materials suffered from combined fatigue and creep
damage does not always depend on a sum of both damage,
and also that the strength of materials is not always equal
to the less one either fatigue or creep.

In Fig. 22 and 23, all specimens are fractured by
fatigue behavior at 380 c.p.m. Decreasing of the fre-
quency to 38 c.p.m., number of cycles to rupture increase
drastically and fracture does not occur even though the
number of stress cycles has exceeded the fatigue life
expected at 380 c.p.m.. For smaller stress ratio A=0.6, the
type of fatigue rupture appears at 380 and 38 c.p.m. and
number of cycles to rupture takes a maximum value
arround 3.8 c.p.m. as shown in Fig. 24.

These phenomena may appear more often in Cr-Mo

steel at 550°C than mild steel at 450°C. It seems to be
caused by a strain aging due to creep strain. For higher
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frequency, number of cycles to rupture reaches a critical
value in fatigue failure before the strain aging occurs
enough because of relatively short time for creep. When
the frequency becomes lower, the strain aging by creep
which may prevent the deVelopment of fatigue damage
progresses enough' before the number of cycles reaches a
critical value in fatigue failure, so that the rupture is
mainly dominated by creep behavior and takes a time
dependent characteristics.

The rupture characteristics of Type 3 is the same as
that of time dependent behavior in low frequency region
of Type 2, as shown in Fig. 25 for smaller stress ratio
A=0.4 in Cr-Mo steel at 550°C,

The Type 4 is characterized by the conditions in
which the creep strenght is lower -than that of fatigue
in Jower frequency region and the fatigue strength is
lower in higher frequency region as shown in Fig. 26.
So the rupture mode changes to cycle dependent behavior
from time dependent behavior with increase of frequency.

In these case, cases of Type 4 the linear life fraction
rule 7 as shown by equation (1) for combined fatigue and
creep damage may be applicable.

N/Ne+2t/te=1 ... ... ... .. ... .. . 1)
where N is a number of stress cycles to rupture, N is a
number of stress cycles to rupture by pure fatigue, t is a
time to rupture and t. is a time to rupture by pure creep.

5. Conclusion

Notched specimens subjected to a pulsating stress
may suffer both fatigue and creep damage so that the
rupture time of them decreases as the frequency of stress
cycle increases.

In the relation between number of cycles to rupture
and frequency for a given stress condition and notch
sharpness, it was found that failure does not always
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occur when a sum of fatigue and creep damage reaches a
critical value fixed for materials and temperature. Some of
specimens do not fracture with a number of stress cycles
beyond the fatigue rupture life and it is considered that

the strain aging by creep may prevent the development of
fatigue damage.

In the current experiment the rupture characteristics
are classified into 4 types, however the combined effect
of creep and fatigue is complicated and make it impossible
to apply the linear life fraction rule to the most of results
in order to estimate those rupture life.
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