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Abstract

Ratcheting, that is, a progressive cyclic inelastic deformation can occur in a component subjected to
thermal secondary stress, mechanical stress or both in the presence of a primary stress. The circumferential
plastic strain may be accumulated with the increase of the number of cycles when a cylinder is subjected to a
temperature front moving cyclically in the axial direction. This phenomenon of liquid surface induced thermal
ratcheting is important in the design of liquid metal reactor. The ratcheting behavior of a thin-walled 304
stainless steel cylinder under axially moving temperature distribution was analyzed using the constitutive theory
of Chaboche. The constitutive model was implemented as a user subroutine of ABAQUS and it was verified
through the comparison with the exact solutions for the uniaxial cyclic loading and test results available in the
literature for the cylinder. In addition, ratcheting in pressurized push-pull pipes under loading conditions of ±
1 % axial strain with steady hoop stress was analyzed with Chaboche model. It is shown that the elastic-plastic
analysis using Chaboche model can evaluate properly the progressive strain accumulation under secondary
cyclic loads.

1. INTRODUCTION

The operating condition of LMR(Liquid metal reactor) is generally characterized as high
temperature of 500 ~ 550°C and low pressure of I ~ 10 bar. The temperature difference between inlet
and outlet of reactor vessel is about 150°C , which is far higher than that of 30°C for light water
reactor. Therefore, high level of alternating secondary stresses will act in LMR components.

In the design of high temperature structures which are subjected to severe thermal transients of
liquid sodium, the progressive accumulation of deformation by thermal ratcheting should be
prevented because excessive deformation may cause unacceptable radial deformation. The ratcheting
in hollow cylinders subjected to an axial movement of a longitudinal temperature distribution is well
known as a representative case. This type of ratcheting behavior under thermal stress alone is very
important in the design of LMR components because the primary stress in those high temperature
structure components is low. Among several types of ratcheting, the Bree type ratcheting has been
mainly noticed, in which the ratchet strain occurs in combination of steady primary stress and cyclic
secondary stress. This ratcheting behavior has been considered in the design codes such as ASME
Code Case N-47[l], RCC-MR[2] and Japanese code[3,4].

In the present study, Chaboche model has been used to represent the material behavior of cyclic
plasticity and implemented as ABAQUS user subroutine UMAT. An elastic-plastic analysis with
Chaboche constitutive model has been performed for a simple structure of cylindrical shell. The
analysis results show that thermal stresses are induced by axially moving temperature from 550°C to
350°C along the length of the shell and the plastic ratchet deformation increases cycle by cycle in the
same pattern with the same amount of residual deformation. The validity of user subroutine UMAT
has been verified with the exact solutions for uniaxial loading cases.

In the mean time, the integrity of pressurized vessels and large piping runs is of particular
concern, especially when they are subjected to high strain, low cycle fatigue conditions in case of
seismic excitations. Stresses due to both pressure and seismic loads are classified within the code as
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primary stressesfl]. Experimental evidence, however, shows that the failure mode of pipework
subjected to reversed dynamic loads is by ratcheting and fatigue[5]. It could therefore be argued that
seismically induced stresses should be treated as secondary rather than primary. In the present study,
strain-controlled cyclic analysis with push-pull conditions of ±1% axial strain for the cylinder has
also been performed and the ratchet behavior has been evaluated.

2. THEORETICAL BACKGROUND

The constitutive modeling of cyclic plasticity has made considerable progress during the last
two decades. One of the unsolved difficulties concerns the problem of ratcheting. The description of
ratcheting in terms of constitutive equations is mainly related to kinematic hardening which
corresponds to a translation of elastic domain of equipotential surface in stress space during
viscoplastic flow. The development of an efficient constitutive model and analysis program for the
prediction of ratcheting generally requires a lot of time and endeavor.

The viscoplastic constitutive theory proposed by Chaboche assumes a yield condition and the
assumed normality of the infinitesimal strain rate to the yield surface defines the structure of the flow
rule. The model considered is of the overstress type with hardening as well as recovery terms in the
evolutionary equations of the internal variables. Based on the general viscoplastic relations, Chaboche
model can be described as follows[6-8]. Under the assumptions of small strain and small rotations,

the total strain rate( s) is the sum of the elastic( €1'), inelastic (sp ) and thermal strain rates( e"').

s,i = s'„+s1',,+e'h „ (1)

The elastic strain rate and the stress rate are related by Hooke' s law,

The thermal strain rate is expressed as

fh

(3)

where y is temperature dependent material parameter.
The inelastic strain rate is governed by a flow law,

where

X ,y = crit - at/ is the difference between the applied stress o and the back stress a,

and £ ; = Oll - a,, ,

/ = 3 P , (5)
2J2(I,;)

p = ;J2(L'ah-*.-k " (6)
K
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A prime mark on second order tensor is used to indicate the deviatoric part. The model can be

described by kinematic equations for the internal state variables a,,,

a'o = K<ru,au,K,Eu,p,T)el'ii-r{au,au,K,skl,p,T) a'v (7)

r = yp

and a set of arbitrary number of isotropic hardening variables K

(8)

The nonlinear functions / ,h,r ,F,and ©depend on K and temperature, T, and possibly additional

external variables on the invariants of (7 and a ,

J2(a)=] <r:a, (9a)

J2(a)=]a:a, (9b)

^ ( I « ) = 2 2 X (9c)

and an accumulated variable T|, which may be chosen according to either strain-hardening,

or work hardening,

The model under consideration uses only one drag stress.

r=b(Q-K). (12)

where K,n,C,y, b, Q, and K are material parameters dependent on temperature. The above formulation
on viscoplastic constitutive equation can be applied for the analysis of cyclic plasticity, thermal
ratcheting with or without creep effect and creep-fatigue.

3. ANALYSIS OF THERMAL RATCHETING

3.1. Loading condition

In order to simulate LMR operating condition, the test by Tanaka et al[9,10] was performed
with a test cylinder moving up into Ar gas and down into the sodium pool of 35O°C in the axial
direction. The ratchet behavior under the test condition was simulated in the present analysis. The
cylinder shown in Fig.l has an initial temperature of 55O°C. At t = 0, the bottom for the cylinder
reaches the sodium pool of 350°C and the cylinder submerges continuously into the pool with the
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FIG. 1. Finite element model FIG. 2. Variation of bulk temperature with time

dipping speed of 0.04 m/min. As soon as the cylinder reaches the depth of 0.25 m, it is lifted with the
rate of 0.08 m/min. After the whole cylinder is lifted into the Ar gas atmosphere, it is heated at 550°C
during 1 minute intensively by electric heater in order to reach the target temperature. It is assumed
that heat transfer during the heating period is dominated by convection. This type of heating and
cooling cycles are repeated 10 times and the ratcheting deformation was computed. The bulk
temperature near the cylinder varies from 35O°C to 550°C as shown in Fig. 2. It should be noted that
heat transfer coefficients for the elements below the height of 0.25m will vary continuously with time
as the cylinder submerges into sodium pool, is lifted into Ar gas atmosphere and fully withdrawn into
heating environments.

3.2. FE modeling

The analysis model of Fig. 1 is 1/10 scale of the reference LMR design and the dimensions are
shown in the figure. The model consists of axisymmetric 8-node isoparametric 272 elements with
totally 961 nodes. The element types for thermal and stress analyses are DCAX8R and CAX8R of
ABAQUS code. The surface of cylinder will be in contact with sodium repeatedly below the height of
0.25 m. It is assumed that creep effect is negligible with short duration of thermal loading, and
inelastic deformation will be caused by the plastic properties of the material. The material properties
used in the analysis are listed in Table 1. The dependence of material properties upon temperature
over the range of 350~55O°C was neglected, and the constant values were used in the analysis.

3.3. Thermal stress analysis

Since the bulk temperature varies continuously with time during the thermal cycles, the
variations of bulk temperature and heat transfer coefficients should be considered in thermal analysis.
The lower parts of the cylinder below the height of 0.25m will be subjected to severe cyclic thermal
loading. In this analysis, the variations of the bulk temperature and heat transfer coefficients with
time were considered.

3.4. Verification of user subroutine UMAT

Based on the previous theoretical background, Chaboche constitutive model has been
implemented in ABAQUS user subroutine, UMAT so that general high temperature analysis may be
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TABLE 1. MATERIAL PROPERTIES OF 304 STAINLESS STEEL

Parameter

thermal conductivity

specific heat

density

Young' s modulus

Poisson ratio (v)

thermal expansion coeff.

Value

21 W/m°C

500 Wsec/kg°C

7.9 kg/m3

163.3 GPa

0.34

17.9x10"6 1/°C

possible. Since equations (2), (6), (7) and (8) reduce to the first order differential equations with
initial conditions, exact solutions can be obtained with Runge-Kutta method in uniaxial loading
problems. In the present study, uniaxial hardening analysis and uniaxial cyclic hardening analysis
were performed to verify UMAT. The analysis results by FEM agree well with those of Runge-Kutta
solutions as shown in Fig. 3 for uniaxial hardening case and in Fig. 4 for uniaxial cyclic hardening
case.

4. ANALYSIS OF RATCHETING IN PRESSURIZED PIPING

The plastic deformation of thin-walled cylinder has been analyzed for strain controlled push-
pull loading conditions of ±1% axial strain at a rate of 0.1 %/min. Thin-walled push-pull cylinder
with a nominal gage length Of 0.04m, an outer diameter of 0.022m and bore of 0.02m has been
additionally loaded by internal pressure applied hydraulically so that it allows the cyclic loading to be
combined with static tensile hoop stress of 1/2 of the uniaxial yield stress. The finite element model
of this problem will be very similar to the previous model of Fig. 1 and the same element types for
thermal and stress analysis with the previous model were used.
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FIG. 3. Comparison of results by FEM
and Runge-Kutta solutions for
uniaxial hardening case.

FIG. 4. Comparison of results by FEM
and Runge-Kutta solutions for
uniaxial cyclic hardening case.
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FIG. 5. Temperature history at bottom of the cylinder

5. RESULTS AND DISCUSSIONS

5.1. Thermal ratcheting

5. /. 1 Temperature distribution

Fig. 5 shows the temperature history at the bottom of the cylinder during ten cycles of cooling
and heating. As shown in the figure, the bottom experiences the cyclic thermal loading over the range
of 368.2°C ~ 550°C. Heat transfer of the upper shell part in contact with Ar gas atmosphere is
dominated by conduction and of lower part in sodium atmosphere is dominated by convection so that
the axially moving temperature distribution between top(550°C) and bottom(368.2°C) induces
thermal ratcheting. The steep temperature gradient occurs near the contact zone of sodium and Ar gas.

5.1.2. Thermal ratchet behavior

Fig. 6a which shows the deformed shape of the cylinder magnified 80 times after first cooling into the
sodium pool, that is, at t=375 sec, represents the circumferential contraction in the lower part of the
cylinder.

(a) (b)

FIG. 6.. Deformed profile (a) after first cooling, (b) after 10 cycles
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FIG. 7. History of radial displacement FIG. 8. Comparison of the results by test and FEM

The maximum radial contraction was computed as 0.86 mm in the outer surface, lower part of the
cylinder. In the meantime, the deformed profile after 10 cycles of heating and cooling at t = 6225 sec
as shown in Fig. 6b shows radial expansion due to heating in Ar gas atmosphere. It can be seen that
the heating after complete withdrawal from the sodium pool for 1 minute at 550°C overcomes the
cooling in the sodium pool, which leads to the progressive accumulation of the residual deformation.
That is, the cylinder contracts when it submerges and expands when it is lifted completely and
exposed high temperature environments. The history of radial displacement at the bottom of the
cylinder versus time is shown in Fig. 7. As shown in the figure, the radial displacement of the
cylinder no longer contracts below zero after the third cycle even though it is submerged into the
pool. It is shown that the radial displacement due to thermal load can lead to an excessive
deformation.

The present results by FE analysis were compared with those of the testflO] as shown in Fig.8.
The difference of radial expansion after ten cycles is rather small producing 0.8 mm when the test
result shows expansion of 2.2 mm. It can be shown that the present FE analysis can evaluate properly
the thermal ratchet behavior of 304 SS cylinder.
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FIG. 9. Hoop stress-strain hysteresis curve
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FIG. 10. Hoop stress-strain hysteresis curve
of pressurized pipe.

FIG. 11. History of radial displacement of
pressurized pipe.

It should be noted that the stress-strain hysteresis loop develops progressive propagation to the
right direction rather than hardens to a stable hysteresis loop as shown in Fig. 9. Since the loop is for
an axisymmetric structure, the propagation aspects shows a rather complex one. The analysis results
clearly show that ratchet deformation is one of the dominant factors for structural integrity for this
type component.

5.2. Ratcheting in pressurized pipe

Fig. 10 shows the hoop stress-strain hysteresis loop of the pressurized pipe. The material
hardens to a stable hysteresis loop. Fig. 11 shows the history of progressive accumulation of radial
displacement. It can be shown that externally appied cyclic strain can induce progressive inelastic
deformation for the pipe runs.

6. CONCLUSIONS

Thermal ratchet behavior of 304SS cylinder caused by axial moving temperature distribution
and racheting in a pressurized pipe have been evaluated using elastic-plastic analysis with Chaboche
constitutive model. The constitutive model was implemented in ABAQUS user subroutine UMAT
and the validity of the implementation was verified through the comparison of results by analysis and
test. The analysis results of thermal ratcheting showed that residual thermal deformation was
continuously accumulated cycle by cycle due to the axially moving temperature distribution. The
allowable ratchet deformation during its service life should be carefully limited in the design because
the progressive deformation caused by secondary cyclic load may result in functional failure. A
further study on creep and relaxation effect in the constitutive model and implementation to
accommodate efficient creep ratcheting analysis is necessary.
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