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SUMMARY

In order to acquire an available information relative to low-cycle fatigue design of
the primary coolant piping system in LMFBR, low-cycle fatigue tests were carried out on 15
elbow specimens at ambient temperature, 550°C, 600°C and 650°C. Deflection-controlled out-
of-plane bending fatigue tests of plate specimens were carried out, too.

Both elbow specimens of 165.2 mm in inside diameter, 3.4 mm in thickness and 228 mm in
bend radius and plate specimens of 2 mm in thickness at the test section were made from type
304 stainless steels with the same heat. Most of the elbow specimens were subjected to com-
pletely reversed in-plane bending deflection, but several specin.ns were tested in zero-to-
tensile and zero-to-compressive deflection cycling. The load was applied so as to get tri-
angular shape with cycling rate of 1.5 cpm. Cyclic loads, deflections, cross-sectional de-
formations in the middle of elbow and strain at the location of the maximum circumferential
stress were measured during the whole stage of the test.

Conclusions obtained are as follows:

(1) The peak (maximum) strain range A€, can be predicted by elastic analysis from the de-

flection range or the angular dispiacement range up to the upper design limit values
( Aee < 0.35% ). For the range in which strain range exceeds 0.35%, it can be estimated
by empirical formulae derived in the present paper.

(2) The low cycle fatigue curve for elbows agree well with the bending fatigue curve for
plates, when fatigue strength is represented by the equivalent strain amplitude. Fa-
tigue strengths at temperatures of 550°C - 650°C, can be represented by one curve.

(3) The fatigue strength design curve obtained with the procedures described in the ASME
Boiler and Pressure Vessel Code, Sec.III, Appendix II, "Experimental Stress Analysis," is
slightly lower at ambient temperature, and slightly higher at elevated temperatures of
550°C - 650°C, than each of design curves described in ASME Code Case N-47. The ob-
tained design curves for ambient and elevated temperatures were expressed by empirical

expressions.



1. Introduction

The primary coolant piping system of a Fast Breeder Reactor should be highly reliable.
But, at high temperatures in service, piping systems may be subjected to large stresses due
to the restriction of thermal expansion. And, elbows, which may be one of weak points in a
piping system, seems to have a possibility of damage by low-cycle fatigue caused by system
start-up and shut-down. The authors carried out deflection-controlled in-plane bending fa-
tigue tests of elbow specimens and deflection-controlled out-of-plane bending fatigue tests
of plate specimens as a means of obtaining information that could be used in the design of

improved piping systems for service at elevated temperature.

2. Shapes and Material of Specimens

Elbow specimens with 90° elbow angle made from SUS304 austenite stainless steel were
used in the tests. As shown in Fig. 1, a 90° elbow was butt-welded to each end of two
straight pipes. The thickness and diameter were 3.4 mm and 165.2 mm respectively for elbow
and straight pipes. The longitudinal angular coordinate y and the circumferential angular
coordinate § were defined as shown in the figure. Plate specimens were made from material of
the same heat as the elbow specimens. The minimum thickness of the plate specimens, which
are illustrated in FiZg. 2, was 2 mm. The elastic stress concentration factor at the test
section is 1.02. The mechanical properties of the material at ambient and elevated tempera-

tures are shown in Tables 1 and 2.

3. Experimental Procedure

3.1 Fatigue Tests of Elbow Specimens

One end of the elbow specimen was bolted to a flange that was pin-jointed to a rigid
frame structure, and the other end was bolted to a flange which was pin-jointed to a sliding
shoe restrained in a channel of the rigid frame structure. Tensile and compressive loads
were applied to the sliding shoe by a servo-controlled hydraulic cylinder so as to test the
specimen under deflection-controlled condition. Specimens were heated with electric heaters,
which were installed inside the specimen. The exteriors of specimen were thermally insulated
with glass fiber sheets of 20 mm thick. The temperature of the elbow was controlled to with-
in £5°C of the designed temperature with thermocouples which were percussively welded to the
surfaces of the specimen. During the tests, local strains were measured continuously with
specially developed clip gauges and with Ailtech's strain gauges which are welded to specimen
surfaces. Elbow cross-sectional deformation was measured continuously with a specially de-
veloped deformation gauge. Deflection-controlled fatigue tests were carried out with 15 el-
bow specimens, 6 at ambient temperature and 9 at temperatures of 550 to 650°C. The test con-
ditions are shown in Table 3. Both completely reversed in-plane bending fatigue tests and
repeated in~plane bending fatigue tests were carried out at ambient temperature and 600°C.
The former tests were also carried out at temperatures of 550°C and 650°C. All of the com-
pletely reversed in-plane bending fatigue tests were initiated with compressive loads. The

cycling rate were approximately 1.5 cpm.

3.2 Out-of-plane Bendinag Fatique Tests of Plate Specimens at Elevated Temperature
The test equipment was of a motor-driven type in which an eccentric cam mechanism was
installed to provide a certain bending deflection to the ends of a specimen. The fatigue

tests were conducted with repeated (F=0) out-of-plane bending deflection-controlled method
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A sheath heater was attached directly to both surfaces of a specimen to heat it, and the tem-
perature of the test section was controlled to within *7°C of the designed temperature.
Strain on the surface of the test section was measured with the clip gauges. Tests were con-
ducted at ambient temperature, 550°C, 600°C, and 650°C.

4. Experimental Results

4.1 Cvclic Strain Behaviours

Figures 3 and 4 are examples of the circumferential distribution of the circumferential
strain Ee and the longitudinal strain €¢ on the outer surface of specimens at the middle of
elbow (Y=0) during fatigue tests. The strain distributions at the maximum compossive (N=1/4)
and tensile (N=3/4) strokes, respectively, of the first cycle are shown. 1In particular, €
exhibits complicated behaviour in the vicinity of 8=95°, because of the concentration of
plastic strain. Nevertheless, the distributions of measured strain amplitude (the half dif-
ference between Figs. 3 and 4) which are represented by the solid lines in Fig. 5, show fair
curves, and agree well with the calculated curves (the dotted lines) which were obtained in
an elastic analysis in which deflection was set equal to the measured deflection amplitude.
The elastic analysis was carried out with an analysis program, "ADINA", which uses a three-
dimensional finite element mehtod.

In order to further investigate this relatidnship, the relation between the deflection
range A§ and circumferential strain range Aee on the outer surface of each specimen during
the first cycle where )=0° and 6=95° was plotted in FiZg. 6. RAlthough a scatter becomes sig-
nigicant where the strain exceeds 0,7%, the relation between the ranges is nearly linear.

And the linear relation nearly coincides with the straight line obtained in the elastic anal-
ysis.

Pigure 7 shows the relation between the strain range Ase (y=0, 6=95) and A8 where N =
(1/2)Nf. The failure life Nf was defined as the life where a crack on the outer surface of a
specimen reached 50 mm or more in length. When the strain range exceeds 0.35%, the linear
relation between the strain and deflection ranges deviates from the straight line obtained in

the elastic analysis, and the relation is expressed as follows:

-4 -2
Aee 2.37 X 10 "AS 0.20 x 10 (1

peg = 2.65 X 107 %8a - 0.20 X 1072

Typical examples of cyclic changes in load, elbow diameters and outer surface strain
during fatigue tests are shown in Figs. 8 to 10. Although the examples are of tests con-
ducted at 650°C, a similar tendency was observed in tests carried out at 550°C and 600°C. As
shown in Fig. 8, cyclic hardening is slaghtly observed during the first several cycles, but
after that load becomes stable, showing an abrupt decrease at the life of through thickness
penetration of a crack, which is indicated by an arrow in case of specimen D-1-2.

Figure 9 illustrates a typical example of cyclic changes in diametrical deformation of
the section of y=0. The diametrical deformation in horizontal direction dH is generally
larger than the diametrical deformation in vertical direction dV' It was found that dV re-
mained nearly constant during the fatigue tests while dH tended to increase, and that flat-
tening of the section of ¥=0 into horizontal direction became more significant as the number
of cylces increased.

Pigure 10 shows the cyclic characteristics of the circumferential strain €y OB the outer
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surface, where Y=0° and 6=95°, The two lower lines represent the values for maximum tensile
deflection. It was found that Ee increased in proportion to log ¥ and that inelastic strains
accumulate according to the rate of increase in the number of cycles. It was also found that

cumulative strain increases as the deflection range becomes wider.

4.2 Hysteresis Loops and Fatique Curves

Figure 11 shows load-deflection hysteresis loops obtained in completely reversed, and
repeated (zero-to-tensile and zero-to-compressive) fatigue tests of elbow specimens. Because
of the peculiar deformation behaviour of the cross-section of elbow, the behaviour of P-§
loop is different on the tensile and compressive sides, as is the load range, even though the
deflection range remains the same. However the strain range obtained in all cases seems to
be almost the same, if the deflection range remains the same. This observation may provide
a reason for the fact that no significant difference in fatigue strength is observed in Fig.
12 for three cases of the pattern of loading cycle.

Figure 12 shows the results of fatigue tests carried out at ambient and elevated temper-
atures. In elbow specimens, a fatigque crack first started at the peak strain point on the
inner surface and penetrated the thickness toward the outer surface, spreading its length to
the longitudinal direction of the elbow. When the crack front approached to the outer sur-—
face, an another crack was initiated on the outer surface at the corresponding point to the
former crack front. This behaviour, which can be observed on the fracture surface, may be
explained by the combined stress field of membrane and bending stresses. Then, the failure
life Nf of an elbow specimen was defined as the life when a fatigue crack on the outer sur-
face of a specimen reached 50 mm or more in length. In plate bending tests, the failure life
was defined as the life when bending moment dropped to 1/2 of its initial value.

The points plotted in FZg. 12 represent the values for the equivalent strain amplitude
obtained by the Mieses criterion when N=(l/2)Nf at the point on the inner surface where Y=0°
and 6=95° (the point of maximum strain) for elbow specimens, and the surface strain amplitude
when N=(1/2)Nf for plate specimens. As can be seen from Fig. 12, the fatigue strength curves
for elbows and plate specimens coincide well, when fatigue strength is represented by equiva-
lent strain amplitude at the peak point. The fatigue strengths at 550°C, 600°C and 650°C can

be represented by one curve for elbow specimens.

5. Discussion

5.1 Cvclic Strain Behaviour and Cumulative Inelastic Strain

As indicated in Fig. 10, ee(¢=0, 6=95) accumulates nearly in proportion to log N. Hence,
the increase rate of cumulative strain Aeem can be indicated by the expression (Aeem)N/log N
as shown in Fig. 13, where (Aeem)N is the amount of strain accumulated during 1 to N cycles.
The higher the temperature and the greater the deflection range, the greater (Aeem)N/log v
becomes. The limit of deflection range at which no cumulative strain occurs, may be assumed
to be approximately 22 mm at 650°C and 35 mm at 550°C.

It is interesting to note that these values nearly agree with AS value at the knuckle
point in the solid curve shown in Fig. 7. BAnd thus, it may be regarded that the reason why
the difference between experimental and calculated values shown in Fig. 7 grow with increas-
ing deflection range is due to the effect of increasing amount of flattening in elbow section

at y=0°,
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5.2 Fatique Desian Curves for Elbow

In Fig. 12 no significant effects of test temperature are observed on results obtained
at 550°C, 600°C and 650°C for both elbow and plate specimens. Thus, the results illustrated
in the figure may be regarded to be divided into four groups: (1) Elbows at 550°C to 650°C,
(2) Elbows at ambient temperature, (3) Plates at 550°C to 650°C and (4) Plates at ambient
temperature.

With an assumption that the fatigue strength is given by the following expression

- = -C
ea-es=A-(B+Ivf.) (2)

where es' A, B and C are constants, and Ea is equivalent strain amplitude, constants for the
four groups were derived by the least square method and listed in Table 4.

In Pig. 12, the best fit curves, which can be drawn with constants in Table 4, are in-
dicated by solid lines for elbow specimens, and by dotted lines for plate specimens. At am-
bient temperature both curves for elbows and plates coincide with each other over the whole
range of fatigue life investigated.

Fatigue strength design curves, which are based on the leak life, are shown in Figs. 14
and 15. The curves were obtained by the following procedure.

(1) The relation between the leak life NZ' which was defined by visual inspection or by the
change of pneumatic pressure charged in a specimen, and the failure life Nf was first ob-
tained.

(2) curve (1) that is drawn with constants listed in Table 4 was shifted in parallel to the
shorter life side so as to circumscribe the lowest experimental result. That is Curve (2).
(3) curve (3) was drawn by shifting curve (2) by using previously obtained NZ/Nf relation.
(4) Curve (3) was shifted down by applying the procedure specified in ASME Boiler and Pres-~
sure Vessel Code Sec.III Appendix II "Experimental Stress Analysis."

The number of elbow specimens tested at ambient temperature was 6 and the number tested
at temperature of 550° to 650°C was 9. Specimens were approximately 1/5 the size of actual
elbows. The surface roughness and test temperatures of the specimens were the same as those
of actual elbows. Hence the safety factor Ks for the strain amplitude ea' and the safety
factor KN for the leak life NZ are Ks = 1,69 and X, = 9.51 at ambient temperature and Ks =

N

1.50 and KN = 5,78 at elevated temperatures of 550 to 650°C. In case of Fig. 14, the KN fac-
tor was always dominant, and thus no knuckle point is observed.

Curves (4) in Figs. 14 and 15 can be expressed as follows:

E; =22 X 10-5 + 0.038(N - .5)_0'3“g for ambient temperature = = = o—=-—- (3)
€, = 138 X 107% + 0.1728 + 27)°° 7" for 550 to 650°C and N < 4200 —--—m (4)
e, = 81X 1075 + 0.155(0 - 43)7°°%%%  £or 550 to 650°C and N > 4200 —-——- (5)

The design curve obtained at ambient temperature are slightly lower than the curve described
in ASME Section III Code Case N-47 {(formerly 1592), while the design curve obtained at ele-

vated temperature are slighly higher than the ASME curve.

6. Conclusions
The results obtained are summarized as follows.
(1) The peak (maximum) strain range can be obtained by elastic analysis from the deflection

range A8 or the angular displacement range Ao up to the upper design limit values
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( Aee(¢=0, #=95) < 0.35% ). For the range in which strain range exceeds 0.35%, it can be

estimated with equation (1).

(2) The low cycle fatigue curve for elbows agree well with the bending fatigue curve for

plates, when fatigue strength is represented by the equivalent strain amplitude. Fatigue

strengths at temperatures cf 550°C - 650°C, can be represented by one curve.

(3) The fatigue strength desigu curve obtained with the procedures described in the ASME

Code, Sec.III, Appendix II, "Experimental Stress Analysis," is slightly lower at ambient

temperature, and slightly higher at elevated temperatures of 550°C - 650°C, than each of

design curves described in ASME Code Case N-47. The obtained design curves for ambient

and elevated temperatures are expressed by eqs. (3), (4) and (5) respectively.
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‘Table 1  Mechanical properties of test material at ambient temperature

Specimen size 0.2% Offset Ultimate

Thick. X G. L. yield stress strength E}Z?g izZi::ii B
width (mm) (mm) (kg/mm?) (kg/mm?)

3.4 X 12.5 50 25.3 61.8 56.6 72

JIS G 4305 > 21 > 5 > 40 < 90

Table 8 Mechanical properties of test material at elevated temperatures

Specimen size Test Tensile 0.2% Offset Ultimate Flong
Thick. X G. L. temp strain rate yield stress strength (%) )
width (mm) (mm) (°c) (%/min) (kg/mm?) (kg/mm?)

0.05 14.1 40.0 37.6
550
0.5 13.3 39.7 38.8
0.05 12.6 35.3 43.5
3.4 X 10 50 600
0.5 12.7 35.7 36.8
0.05 11.0 29.5 56.4
650
0.5 11.9 29.9 58.8

Test method: JIS G 0567
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Table 3 Test conditions for elbow specimens

symbol Teifcfemp Loading Defizc%i;? range

Cc-1-1 Bmb. C. Rev. + 30

C-1-2 600 C. Rev. + 21

c-1-3 Amb C. Rev. * 60

c-2-1 Amb z2-C 0 to -47

C-2-2 600 z-C 0 to -48

C-2-3 Amb Z-C (0 to -120)*

Cc-3-1 Amb Z-T 0 to +46

C-3-2 600 z-T 0 to +46

C-3-3 Amb Z-T 0 to +46

D-1-2 650 C. Rev, 21

D-1-3 650 C. Rev, + 14

E-1-2 600 C. Rev. + 35

E-1-3 600 C. Rev. + 15

F-1-2 550 C. Rev. + 20

F-1-3 550 C. Rev. + 8

Note (1) Amb.: Ambient temp. C. Rev.: Completely reversed,
Z-T : Zero-to-tension, 2-C : Zero-~-to compression

Note (2) *Set value. Measured value could not be obtained due to
misoperation of deflection detecting transducer.

Table 4 Constants in Weibull's expression

Test temp. (°C) Spec A B ¢ €
Elbow 0,152 0 0.390 0.320 X 107°

Ambient temp -2
Plate 0.160 -0.140 X 103 0.422 0.137 X 10

Elbow  0.309 0.900 0.611 0.138 X 10 2
550 to 650 -2
Plate  0.391  0.230 X 102 0.625 0.130 X 10
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