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This report summarizes results of experimental creep tests of type
304 stainless steel tube subjected to internal pressure at 650°C. The
test equipment was developed for these tests.

The smooth tubes were tested at pressures of 9.32 and 7.36 MPa.
Test results indicate that the rupture time of tubes is in good
agreement with that of unizxial specimens when the maximum stress
or the equivalent stress is taken as the rupture criterion. The tubes
containing axial and circumferential surface notches were tested at the
pressure of 7.36 MPa. Test results indicate that the ductile fracture
theory ig applicable, to some extent, to the life prediction for case
of axial notches but not applicable for case of circumferential notches.

An electric potential method was very useful for monitoring the.
¢reep crack growth from the notch tip. The relationship between the creep
crack growth rate and the fracature mechanics parameter OLet or KI was

investigated.

Keywords; Creep, Notech, Creep Rupture, Creep Crack, Crack Growth Rate,
Creep Elongationy 304 Stainless Steel, Cylindrical Tube,

Pressure Dependence
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I. INRTODUCTION

Research on the creep rupture of the cylindrical tube containing
a notch subjected to internal pressure is concerned to the integrity
of fuel claddings, steam generator tubes or pipings. This research
has been done from two standpoints of view, namely the effects of
notches on creep rupture and creep crack growth.

King(l), Gest and Hutching(z) studied the creep strength of fuel
claddings or steam generator tubes with axial surface notches. They find
that the notch effect can be calculated from the ductile fracture equa~
tion of the cylindrical tube proposed by Hahn(3).

On the other hand To and Chopra studied this problem from the
standpoints of the creep crack growth and tried to apply the fracture
mechanics to this problem.

Chopra used the stress intensity factor K. tc correlate the creep
crack growth rate with the shape of notch and loading(4).
The authors performed the experiments on cylindrical tubes which
were 100 mm in inner diameter, 3 mz in thickness and 540 mm in length,

at 650°c. The material is type 304 stainless steel which will be used as

one of structural mat

VHTR and related experimental facilities.

In these experiments the axial and circumferential surface motches
of various lengths were machined on the outer surface of tubes. Creep
crack growth from the notch tip was monitored by an electric potential

method. The effect of notches on the creep strength and the creep

crack growth rate was investigated.

erials in the construction of the Japanese experimental
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2. EXPERIMENTAL METHOD

2.1 Equipment

The schematic of the test equipment is shown in Fig.l. This
equipment was developed for the creep test on piping components loaded
by comstant or cyclic internal pressure at high temperatures. The
pressure medium is Argon gas which is supplied from the commercial gas
tank. Test pressur2s are controlled by a semi-automatic regulator
valve. Pressure cycling rate is performed using an electric magnetic
valve. Holding tilue 1is controlled by timers, Test tubes were heated in
the electric furnace.

The temperature along the axis of the test tube was 650#3°C
within *80 mm from the centre of test tube. Diametral creep deforma-
tions were measured at'three locations as shown in Fig.l. BSix quarts
glass rods were inserted from the outer surface of the furnace. Three
sets of displacement transducers ware installed at the tips of quarts
rods in crder tc measure the creep deformation. The creep deformation
was recorded continuously by multi-penracorders. The diametral creep

deformation is twice of the average radial creep deformation.

2.2 Test Tubes and Test Conditions

The shape of test tubes is shown in Fig.2. The test tube is 100 mm
in inner diameter, 3 mm in thickness and 540 mm in fotal lensgth.
The test section of the tube is 270 mm in length. A steel core was
confined in the test tube to reduce the gas volume. Artificial surface
notches were machined on the outer surface of the test tubes in the
axial and circumferential directiovns. The axial notch was machined by
the electric discharing method. The axial notch was 13, 25, 100 and 150 mm
in length and 0.5, 1.0 and 1.3 mm in depth respectively.

The circumferential notch was machined by the cutter so that the
angle of notch was 60 degrees and the radius of the notch rcot was (.3 mm.

The circumferential notch was 1.0 mm in depth, TD/4, /2, 37D/4 and 7D

in length respectively.

The cylindrical tube without the notch was tested at several
different pressure levels at 550°C.

The cylindrical tubes with various notches were tested at 7.35 MPa,

(75 kg/em?) at 650°C.
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7.3 Electric Potential Method for Creep Crack Growth Measurement.

The electric potential method was used to measure the creep crack
growth from the notch tip. The arrangement of electric potential probes
at the notch is illustrated in Fig.3. Probes were made of type 304
stainless steel welding rods of 1.0 mm in diameter. They were welded
at the center of notches at the intervals of 3 mm. The value of the
copstant electric current used in those experiments was five amperes.
The variation of electric potential between inner two probes was
monitored.

A calibration curve is needed to transform the output voltage to
the crack growth, The calibraticn curve was made by using type 304
stainless steel plate with artificial notches of known dimensions and
measuring electric potentials under the same conditions as test tubes.

The shape of notch was assumed to be elliptic. The calibration curve
is shown in Fig.4.
2.4 Creep Characteristics Of Test Materials

Test material is the forging of the type 304 stainless steel. This
material is the same one which is used in the research on the structural
strength of members used at nigh temperatures performed by the first
subcomnittes 11G, Techmical Research Association for Integrity of
Structures at Elevated Service Temperatures. Brief summary of the
results of material tests performed in that committee is described in
this paragraphES)Mechanical properties of this material are shown in
Tables 1 and 2.

The creep deformation behavior of test materials is shown in
Figs.5 and 6. The minimum creep ) rate é.in is calculated from
these curve and the relation between Emin and the stress is plotted

on the logarithmic graph as shown in Fig.7. The good relationship is

obtained as the following equation.
log 0y =0.123 log &_, + 1.54 . (L

The comstitutive equation dsed for steady state creep analvsis is given by
the next equation for this material.

e= 3.02%x10 ottt (2)

The duration of transient creep is about several ten hours.

The creep rupture time, t . and the creep elongation versus time are
r

- 3 —
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plotted in Figs.8 and 9. The relation between the rupture stress

and the rupture time is given by the following equation.
log 0, =-0.14 log tr4~2.49 : (3}

In addition the minimum creep rate € . has a good relationship with

the rupture stress, given by
log Emin==—1.16 log tr-0.157 ' (4)
The initiation time of tertiary creep is considered as the time of

crack initiation. The ratioc of tne initiation time of tertiary creep

to the creep rupture time is given by the following equation.

t 0,947 (5)

tr?20.569 'r
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3. Test Results

3.1 Creép Deformation
Test reults are sgmmarized in table 3. The creep rupture time tos
the minmum creep rate Emin and the average creep rupture strain €, are
shown in this table. The average Crecy strain £, was calculated from

the following equation.

2 2 =
D°+D 5
FaNANEN
P _ o~ 1 | 2100 (6)
r_,c | l;’flk:
N\ o/ J
where D : Outer diameter of tube before test

D,: Outer diameter of tabe at ruptured sectien
after test
D,: Outer diameter of tube in the vertical direction

to diameter after test

The value of average creep rupture strain ¢. ranges from 7.7 to 24.7%.
The value of the average creep rupture strain of tube at stess level, 127MPa
is about half of that of the uniaxial test specimen. The average creep rupture
strain is reduced by the presence of notches. An example of the residual
creep deformation is shown in Fig.10 for case of the axial notch. The residual
creep deformation of notched tube is smaller than that of the smooth tube and
a local bulging is caused around +he notch in the notched tube. An example
of the residual creep deformaion is shown in Fig.1l for case of the circum-
ferential notch. The difference between the residual creep deformations
of two tubes is small although one of tubes has the notch of | mm depth. The
local bulging is not caused in this case. A restriction against the creep
deformation is rather caused in circumferentially notched tubes.

The time history cof the diametral creep deformation at the centre of
the tubes with and without axial notches is shown in Fig.l12. The diametral
creep deformations are plotted on the same curve until twenty hours and there-
after are apart each other from this curve because of the local bulging. The
longer the initial notch is, the earlier the deviation of the creep curve of

the notched specimen and the smallier the creep strain at the rupture.
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3.2 C(reep Rupture Time
The rupture time of test tubes 1is shown in Fig.13. It is clear that
the creep rupture time is reduced by the surface notch. The relation
between tha creep rupture time, tI and the strees Or, for the smeoth

tubes is given by the following equaticns.

log 08,r=—0.136 log tr+2.50 (7
=-0,136 + 2.45 (8)
log Oeq,r 0.136 log tr (8)

This equation was determined by a ieast square method. Some data were

(5)

obtained in the iabaratoy of Japan Steel Works Co.” "The relation between
the rupture stress o, and the rupture time t. for the uniaxial specimens
is described by

log Uf==_0'14 log tr-+2.51 (9)
From these experiments the maximum principal stress or the equivalent stress
is good as the criterion of creep rupture under the biaxial stress state.
King, Gest and Hutching adopted the ductile fracture theory for evaluating
the creep strength reduction in thier tests concerning fuel claddings (SUS 316)
and boiler tubes (9% Cr - 1% Mo steel) for rase of the axial notches.

In this theory it is considered that the fracture is caused when the
flow stress of the notched section attains the creep rupture stress.

The ductile fracture equaticns are as follows.

(1) Axial notch (Hahn's equation)

The strength reduction ratic is given by

9.d _ h/d-1 ,
G,q B/ 00
M= (1+1.16 ¢*/Rh)

d-——— Depth of crack

&--—-— Half of crack length

R---- Mean radius of test tube

h——~- Thickness of test tube

M———— TFolias stress magnification factor

{2) Circumferential Notch

Flow stress at the notched section is given by
. Y'TrRlzp
T i
Gflow=2h + 7 (1)

Where
Ri: Inner radiugd of test tube
¥ : Moment arm of cracked section

7 1 Sectional modulus of thes¢ specimens at notched section

A6__
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In Table 3 the experimental creep strength reduction ratio and the
creep strength ratic based on Hahn's equation are described. The experi-
mental creep strength reduction ratio is slighty smaller than the theoretical
one in all the experiments.

In the circumferential notches, the flow stresses calculated from
equation{l1) are less than the nominal circumferential stress, 126 MPa as
shown in Table 4. It is clear that the flow stress equation is not useful
for the explanation of the rupture for case of the circumferential notches.
However this table indicates that the flow stress for partial circumferential
notch is higher than that for the full cirumferential notch.and the creep life
of tube with the partial circumferential notch may be shorter than' that of
the tube with the full circumferential notch. Actually this phenomenon is
occured as shown in Fig.l4. In Fig 15 is shown the creep strength reduction

c 4 ,(6)
()

ratio versus the surface shell parvameter for case of axial
JRh

notches. There seems to be a good relationship between them.

3.3 Creep Crack Growth

In paragrapf 3.2, the creep life prediction was done on the basis of

the idea that the tube breaks instantaneously when the loading time
attains the creep rupture time t_. Actually the crack initiates at the notch
root in the early stage of the creep life and grow to through the thickness.
Therefore if the creep crack growth rate is measured and correlated to the
fracture mechanics parameter, the creep life prediction will be done more
precisely. Such investigation were tried by To(Y) and Chopra. Although
this trial cannot be expected to be precise in the state of the art, the
authors also tried to correlate the creep crack growth rate with the net
section stress or the stress intensity factor. The creep crack growth curve
is shown in Fig.16. These curves were obtained by calculating the creep crack
growth from the output voltage of the electric potential probes using the
calibration curve shown in Fig.4
These creep crack growth curves were approximated by a polynomial equation
by the least square mettcd. The creep crack growth rate was calculated from
this polynomial equation by the differentiation.
The net section stress Shet and the srtress intensity factor KI are
calculated by the next equations
(1} Axial crack
a) The net section stress is given bv

o _ 2ch IR
net  Zch- [Z2ed +-cla~d)/2] N _ (12)
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. . . . (8)
p) The stress intensity factor is given by

1/ef
KI=[1+0.12(1--§‘:—)1_2421-W1\ fh tanﬁ_@_}% (13)

T 2

z a 2,17
?=2[1- (—7 ) sin®¢]7de

(2} Circumferential notch

a) The net section stress is given by

__PR __h
het  2Zn 'h-a (14)

b) The stress intensity facter is given by

Ky p -1l { (1-3)X . 5
= ‘ 0.80+. > _ I 1.08%
(l—(I—N)g‘()z—Né l“(l"N)}x (4 + (1- \}(l-x)‘]} (15)
where
N=RI/R0 and X=‘af(RO--RI)

Ko is given by

Ko=g | ma
In the axial crack, the effect of the shell curvature is neglected when
calculating these quantities. In the circumferential crack, only the
axial force due to internal pressure is considerad.

L . da .
The relation between the creep crack growth rate E__ and the net section
t

stess o . is shown in Fig.17. There is a linear relatiomship between the

both on the logarithmic graph for each experimental case respectively.

The relatianohip between the creep crack growth rate -g%— and the stess
intensity factor KI is shown in Fig.13. There is also a good relationship
between the both quantities. From these twe figures, it is difficult to say
which parameter is better for characterizing the creep crack growth rate.
For the axial crack, the gradient of the correlation is different for each
crack length. This seems to be that the bending effect due to the local
bulging around the surface notch is neglected when calulating the fracture

mechanics parameters

4, Fracture Appearance

Fracture appearances of test tubes are shown 1n Fig.l9 for case of
the axial notch. When the initial notch length is larger, the opening
area is larger. Ductile fracture occured in the experiments of long
initial notches of 100 and 150mm.

Fracture appearances of test tubes are shown in Fig.20 for case of
the circumferential notch. Cracks only grew in the direction of the

thickness in all the experiments.
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. . . . (8)
b} The stress intensity factor is given by
/ef
- a ﬂffm)l_l\ 20 ora
KI [lv+0.12fl = )] . — tan - J (i3)
7 a 2,1

¢=/y[1- (=7 ) sin"¢]’do
(2) Circumferential notch
a) The net section stress is given by

o _=—IR . __h (14)

net 2h 'n-a
b) The stress intensity facter 1s given by

Ky - N7 (1-N)X 1. 08N b
- 0.80+. 2 _L.oex L
Ko (1-(1—N)X>2—N‘{ 1 (i~-3)% A TSN }

(15)

where
N=RI/RO and X=‘a/(Ro-—RI)
Ko is given by
K0=Q’J‘-;Tu5
In the axial crack, the effect of the shell curvature is neglected when
calculating these quantities. In the circumferential crack, only the
dxial force due to interanal pressure is considered.

. da .
The relation between the creep crack growth rate E~—-and the net section
t

stess o is shown in Fig.17. There is a linear relationship between the

et
both on the logarithmic graph for each experimental case respectively.

The relatianohip between the creep crack growth rate —g%~ and the stess
intensity factor KI is shown in Fig.18. There is also a good relationship
between the both quantities. From these two figures, it is difficult to say
which parameter is better for characterizing the creep crack growth rate.
For the axial crack, the gradient of the correlation is different for each
crack length. This seems to be that the bending effect due to the local
bulging arcund the surface notch is neslected when calulating the fracture

mechanics parameters.

4. Fracture Appearance

Fracture appearances of test tubes are shown in Fig.19 for case of
the axial notch. When the initial notch length is larger, the opening
area is larger. Ductile fracture occured in rthe experiments of long
initial notches of 100 and 130mm.

Fracture appearances of test tubes are shown in Fig.20 for case of
the circumferential notch. Cracks only grew in the direction of the

thickness in all the experiments.
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5. <Concluding Remarks

‘The creep strengih reduction of the type 304 stainless steel
cylindrical tube containing the axial or c1rcumferent1al surface notch
was investigated at 650°C under the internal pressure. The following
conclusions are obtained.

(1) When the surface notches are axial, the creep strength réduction
ratio can be predicted to some extent by the ductile fracture
theory proposed by Hahn. However the experimental creep strength
reduction ratio is 10% lower than that ratic based on the ductile
fracture theory. When the surface notches are circumferential the
creep strength reduction ratio cannot be predicted by the ductile
fracture theory.

(2) There seems to be a good relationship between the experimental
creep strength reduction ratio for case of the axial notches
and the surface shell parameter, Tw—- ( =), as far as experimental
results are concernad

(3) Cracks only grow from the notch tip to the thickness direction
in all the experiments.

(4) The electric potential method is very useful to measure the creep
crack growth frow the notch tip.

(5) The relation between the creep crack growth rate and the fracture
mechanics parameters. onet or KI is linear on the logarithmic
graph. It is difficult to say which parameter is better for

correlating the creep crack growth rate.

Acknowledgement
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5. {Concluding Remarks

The creep strength reduction of the type 304 stainless steel
cylindrical tube containing the axial or circumferential surface notch
was investigated at 650°C under the internal pressure. The following
conclusions are cbtained.

(1) When the surface notches are axial, the creep strength reduction
ratio can be predicted to some extent by the ductile fracture
theory proposed by Hahn. However the experimental creep strength
reduction ratio is 10% lower than that ratioc based on the ductile
fracture theory. When the surface notches are circumferential the
creep strength reduction ratio cannot be predicted by the ductile
fracture theory. |

(2) There seems Lo be a good relationship between the experimental
creep strength reduction ratio for case of the axial notches
and the surface shell parameter, 3§%~ (é%), as far as experimental
results are concerned

(3) Cracks only grow from the notch tip to the thickness direction
in all the experiments.

(4) The electric potential method is very useful to measure the creep
crack growth frow the notch tip.

(5) The relation between the creep crack growth rate and the fracture
mechanics parameters. Gnet or KI is linear on the logarithmic
graph. It is difficult to say which parameter is better for

correlating the creep crack growth rate.
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Table 1 Mechanical Properties of Material at
Room Temperature

02% Proof | Ultimaie | gz mmen Reduction

Stress Strength EIO{‘;},“;"W of Areq. Ha(rslne)ass
(MPa) (MPa) ¢ (%) B
261 569 ©5.0 70,2 148

Table 2 Mechanical Proparties of Material
at 650 °C

Strain Rate |0.2% Proof | Ultimale ! Reduction

at Proof Stresg Strass Strengih Eioga)ﬁim of Area
%/ min (MPa } (MPa) . (%)
0.05 f46 312 47.5 73.0
0.50 121 312 47.9 76.9

Table 4 Flow Stress of Test Tube with
Circurnferentic! Notch

g | oo or [Vers of [ BE06TS [row e
(mm) mmé | Mpa | MPa
0 o j1zoxio®| o 63.3
20°| 44 |112x10°| 755 102
180°| 68 |[110x10%| 21.2 16
270°| 5.4 [104x10° | 17.2 "ne

360 o B33x10° 0 95.0
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Fig. 6 Creep Deformation Behavior of Test Materials (IL)
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