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ABSTRACT: Buckling tests for cylinders with thermal ratchetting defor-
mation, which is similar to the elephant—foot buckling mode during
bending, were carried out to evaluate the effect of this type of imper—
fection on buckling strength in bending. Test results showed that the
degradation of buckling load was gquite small because of the material
hardening accompanied with the progress of ratchetting deformation.
Numerical analyses considering both material hardening and ratchetting
deformations showed that the test results were verified and that the
degradation of buckling load without material hardening was nearly
equal to the effect of axisymmetric imperfections on buckling strength
in bending.

1 INTRODUCTION

The Demonstration Test and Research Program of Buckling of LMFBR,
commissioned by the Ministry of International Trade and Industry
{MITI), has been conducted by Central Research Institute of Electric
Power Industry (CRIEPI) and the nuclear power plant manufacturers in
Japan. The purpose of this program was to establish buckling design
guides (an interim draft was proposed by Akiyama et al. in 1991 and
1993) under seismic loading for LMFBR components. A LMFBR reactor
vessel is subjected to 1) severe seismic loads that might cause buck-
ling under transverse shearing loads and 2) severe thermal transients
that might cause thermal ratchetting deformation.

Recently many authors have pointed out the occurrence of thermal
ratchetting deformation by an axially moving temperature gradient, and
proposed methods for estimating this behavior (for example Wada et al.
in 1991 and Kitade et al. in 1993). Moreover, Combescure (1991) pointed
out the possibility of thermal buckling for cylinders with large radi-
us—to—thickness ratios by an axially moving temperature gradient, but
for the smaller radius-to—-thickness ratios of DFBR (Demonstration Fast
Breeder Reactors) in Japan, thermal buckling was not observed
(lkeuchi et al. in 1991). In the French LMFBR design code (RCC-MR),
the interaction between cyclic secondary stress and buckling is consid-
ered, which may be based on the studies of progressive axial buckling
tests made by Clement et al. (1988). In evaluating the buckling
strength in bending and in shear under seismic loads, the application
of the above mentioned rule is too conservative because these types of
buckling are less imperfection sensitive compared with axial buckling.
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Figure 1. Ratchetting test setup Figure 2. Measured temperature profile

In this paper, cylinders with thermal ratchetting deformation similar
to the elephant—foot buckling mode were carried out, and the effects of
this imperfection on buckling strength in bending were clarified.

2 THERMAL RATCHETTING TEST

Four test models with radius (R) of 300mm, radius—-to—thickness ratio
(R/t) of 100, and length (L) of 1000mm, were subjected to thermal
ratchetting tests. These models were heated by an induction heating
coil (maximum temperature was 650°C) and cooled by water as illustrat—
ed in Fig. 1. A steep temperature gradient was moved in an axial direc-
tion by the moving table shown in this figure. Cold front cycling tests
(the model was moved downward in Fig. 1) and hot front cycling tests
(the reverse movement of the table) were carried out. The moving
distance and numbers of thermal cycles were : 70mm and 16 cycles,
70mm and 5 cycles, 35mm and 20 cycles and 35mm and 5 cycles for test
models No.l1 to No.4, respectively. These models were fabricated by
rolling of austenitic 304 stainless steel plates with one longitudinal
weld seam.

The example of a measured temperature distribution given in Fig. 2
shows the maximum temperature gradient was about 35°C/mm and that
this profile was well maintained during axial movement. The calculated
elastic stresses for this temperature gradient were 510 MPa (tensile
hoop membrane) and —-323 MPa (compressive hoop membrane) and the
ratios of these stresses to a 0.2% proof stress, considering temperature
effects were 1.8 and -2.0. From the measured ratchetting deformations
shown in Fig. 3, it could be clarified that the progress of ratchetting
deformation gradually decreased according to the numbers of cycles.

3 BUCKLING TEST MODELS

Imperfect test models with ratchetting deformation were made by cut-
ting the test models described in §2, and subjected to buckling tests
as shown in Table 1. The bending-to-shear stress ratio was 2.0 in this
case, which was as expected for a DFBR in Japan. The measured shape
imperfections shown in Fig.4 indicate that radial outward (inward)
deformation occurred during cold (hot) front cycling, and that the axial
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Figure 3. The progress of ratchetting Figure 4. Measured shape imper—
deformation fections

wave length of the ratchetting deformation increased according to the
increasing distance of movement.

In model numbers, the first block shows the test temperature (500°C)
and R/t. The second block, 1.0c or 0.3h for example, shows imperfection
peak-to-peak amplitudes normalized by a wall thickness, and imperfec—
tion mode caused by cold front or hot front cycling. The third block
indicates the imperfection wave length normalized by the wave length
of an elephant—-foot bulge (70mm in this case).

4 BUCKLING TEST RESULTS

Table 2 summarizes the buckling load Qexp associated with buckling
load degradation n compared with nearly perfect cylinders and the
estimated buckling loads Qs+b (given by Eqs. (1)-(3)) in the interim
buckling design guide. The buckling load reductions were 0.96-1.02 for
imperfect cylinders and were quite small compared with the test results
for buckling in bending with axisymmetric imperfections (n=0.78 for
Wim/t=0.5 and n= 0.69 for Wim/t=1.04 as made by Murakami et al. in
1991 and 1993).

The ratios of experimental buckling load Qexp to Qs+b in Table 2
were 1.17 (nearly perfect), 1.12 (HT100-1.0c-21), 1.16 (HT100-0.5c~21),
1.19 (HT100~-0.3c-1) and 1.13 (HT100-0.3h-1), where a large margin in
estimation was recognized even for imperfect cylinders.

Figures 5 and 6 show a typical load—-displacement curve and buckling
mode for the imperfect cylinder HT100-0.3c-l. This curve revealed some
nonlinearity before buckling and very stable post buckling behavior,
which may be characterized as elastic-plastic buckling. The mode in
this case was a combination of buckling in shear and in bending,
where skewed wrinkle formations were observed on the maximum shear
stress sides and elephant-foot bulges on the maximum compressive
stress side.
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Table 1. Buckling test models Table 2. Experimental buckling loads
Modei Test R 1 :

No. Temp. mm__an /R H/R L?n?nak Wim/t MI\?g.e‘ Moga Q!fﬁp am(r:nr Mode 7 g%%
HT100-1.0c-24 500:0 300 3.02 2.0 2.0 70 1.05 HT100-1.0c2¢ 177 265 4.52 BS 0.96 1.12
HT100-0.5¢c-24 SOO.C 300 3.03 2.0 2.0 70 0.58 HT100-0.6c-2¢ 177 275 4.65 BS 1.00 1.16
HT100-0.3c-2 500‘0 300 3.03 2.0 2.0 42 0.29 HT100-0.3c-2 77 281 3.87 BS 1.02 1.18
HT100-0.3h-¢  500C 300 3.03 2.0 2.0 54 0.35 HT100-0.3h-2 77 268 4.27 BS_ 0.97 1.13
HT100-2.6-2.0 500C 300 3.02 2.0 .0 Nearly Perfect HT100-2.0-2.0 177 276 4.51 BS 1.00 1.17

Lpeak - Imperfection peak position, Wim . imperfection amplitude (p-p) Mode BS ! Bending+shear
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Figure 5. Load-displacement curve Figure 6. Measured buckling mode

5 NUMERICAL ANALYSIS AND DISCUSSION

As stated in §2, ratchetting deformation was gradually decreased with
the increase in thermal cycles, and therefore the occurrence of material
hardening was expected accompanied with the progress of deformation.
Thermal ratchetting tests using the same conditions as those for
HT100-1.0c—-21, HT100-0.3c-1 and HT100-0.3h-1 were carried out again and
the Vicker’s hardness Hv was measured for test pieces cut from these
cylinders. As shown in Fig. 7, the maximum values of Hv increased to
208 and 198 for the two cylinders HT100-1.0c-21 and HT100-0.3c, but for
the hot front test on HT100-0.3h-l, these values were almost constant
because of the small number of thermal cycles. Evaluating the relation—
ship between Hv and the 0.2% proof stress as shown in Fig. 8 for this
material by tensile test using pre-stressed specimen, two cases of FEM
analyses were carried out. In the first case (with hardening), the
distributions of material hardening and ratchetting deformation were
both modeled along the axial direction of the cylinders. In the second
case (without hardening), only the ratchetting deformation was consid-
ered.

Calculated buckling loads Qa with hardening, the ratios of Qa/Qexp
were 0.94 (HT100-1.0c-2l1), 0.98 (HT100-0.3c-21) and 1.03 (HT-100-0.3h-},
in this case material hardening was negligible), and agreed well with
the test results. On the contrary, those values without hardening, 0.85
(HT100-1.0c-21) and 0.94 (HT100-0.3c-l), were gquite small compared with
the test results as illustrated in Fig. 9.

In the above tests and calculations with a bending-to-shear stress
ratio of 2.0 (as mentioned before buckling modes in shear and in bend-
ing were mixed), buckling load reduction in bending with ratchetting
deformation as a shape imperfection was not obtained directly, there-
fore this value was obtained by the following steps as shown in Fig.
10.
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Figure 7. Measured Vicker’s hardness for ratchetting test models
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1. buckling loads in shear and in bending are given in Eqgs. (1),(2).

2. buckling loads with an H/R ratio of 2.0 are given by the interac-
tion relation shown in Eq. (3).

3. the buckling load estimation with ratchetting deformation is
obtained by multiplying the ratio of Qa (imperfect cylinders without
hardening)/ Qa (nearly perfect) with Eq. (3) for a nearly perfect
cylinder.

From the above discussion, the buckling load reduction in bending
with ratchetting deformation (without hardening), of 0.73 (HT100-1.0c—
21) and 0.90 (HT100-0.3c—-1), agreed well with the axisymmetric imperfec—
tion effect on buckling in bending as described earlier.

6 CONCLUSIONS

From the buckling tests for cylinders with thermal ratchetting deforma-
tions and numerical analyses, the following conclusions are obtained.

1. The degradation of buckling load is quite small because of the
material hardening which accompanied with the progress of ratchetting
deformation.

2. Numerical analyses considering both material hardening and ratch-—
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Table 3. Calculated buckling loads

Qexp Qa_ Shear

Qa
Mode kN_ kN Qexp

Interaction Relation

B o _Without hardening 224 0.85 Qs in Eq{1)
HT100-1.0c-20 —Gap hardening 49 25 0.94 > ) for imperfect cylinder
ithout_hardening 264 0.94 - - # without hardening
RT100-0.3c-2 w:mthuhardening 7% 2% .08 Bending | [mperfection} {Qsm=Eq{dx—~ nearly perfect
HT100-0.3h-2 — 275 768 1.03 . Effect 2 cyling
FT100-2,0-2.0 — I T IR I i amiac, g M S ylneer

Figure 10. Imperfection effect of
ratchetting deformation

etting deformations verified the test results.
3. The degradation of buckling loads without material hardening is

nearly equal to the effects of axisymmetric imperfections on buckling in
bending.
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