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Summary

Inelastic analysis may be required to evaluate the behavior of perforated plates used at elevated temperature
such as steam generator tube sheets of fast breeder reactors. We have presented in previous papers a method of in-
elastic analysis utilizing the concept of the equivalent solid plate, where the inelastic material constants of the equiva-
lent solid plate are determined on the basis of the inelastic behavior of the perforated plate subjected to in-plane load-
ings. The applicability of the method to the case of out-of-plane loading was still to be examined. In order to investi-
gate into this problem, we have performed experiments to measure the elastic-plastic-creep responses of perforated
plates when subjected to four point bending and compared them with the calculated results utilizing the concept of the
equivalent solid plate.

Twelve test plates were made of type 304 stainless steel, each 38 mm high, about 90 mm wide and 1000 mm

long and had a perforated region with a uniform triangular penetration pattern having a lipament efficiency of 0.3
or 0.5 in the central part of about 300 mm length. The distance between the support points was 900 mm and that
between the loading points was 500 mm.

The tests are classified into three groups:

(1) Elastic-plastic tests at room temperature

(2) Elastic-plasticcreep tests at 600°C

(3) Relaxation test at 600°C

The inelastic analysis of perforated plates consists of two steps:

(A) Analysis of the perforated unit cell subjected to in-plane loading to extract the inelastic properties of the
equivalent solid plates

(B) Analysis of the equivalent solid plate subjected to four point bending

In the analysis (A),. the Ludwik type stressstrain curve and Norton-Bailey’s creep law were assumed for the

material., It was shown that the equivalent solid plate then obeys approximately the same constitutive equations
with modified constants depending upon the ligament efficiency.

The comparison of the experimental results with the results of analysis (B} showed:

(i) The accuracy of the elastic-plastic analysis of the perforated plates was within 20% in terms of the center
deflection, which indicates the applicability of the equivalent solid plate defined by in-plane loading be-
haviors to bending probiems.

(iiy Deflections due to creep may be obtained just as well if one uses such creep constants of the material
that describe bending creep behavior adequately. Hence the equivalent solid plate determined by in-plane
loading is also applicable to bending creep problems.
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1. Introduction

The inelastic behaviors of the perforated plates have been investigated by Slot and Branca [1], Porowski and
O’Donnell [2] and the authors [3]. The concept of the equivalent solid plate is used in these studies, The inelastic
material properties of the equivalent solid plate are determined from the response of the unit cell of the perforated
plate subjected to in-plane loadings. The applicability of these properties of the equivalent solid plate to out-of-plane
bending problems, which are practically important, must be verified by the experiments.

This paper describes the experimental and calculated results of the perforated plates when subjected to four

point bending,.

2.  Test Material

The material used in this experiment was JIS SUS304 (equivalent to AISI 304) austenitic stainless steel supplied
as rolled 40mm thick, 2000mm wide, 1000mm long plate. The chemical composition in weight percentage is given
in Table I. This plate had been annealed at 1100°C for 48 minutes and water quenched. All perforated plates were
machined to allow the longitudinal direction parallel to the rolling direction of the plate. Then they were reannealed
at 1080°C for 40 minutes and water quenched to relieve residual stress and work hardening resulted from drilling.

The tensile properties at room temperature and 600°C are shown in Table II.

3. Experimental Procedure

Perforated plates used for four point bending tests are shown in Fig. 1. Perforated plates are classified into
four types according fo the hole arrangement and the ligament efficiency. The holes of type A and type C perforat;:d
plates are in an array of equilateral triangles one side of which is parallel to the longitudinal direction of the perforated
plate. This hole arrangement is called here X-direction. The holes of type B and type D perforated plates are in an
array of equilateral triangles one side of which is perpendicular to the longitudinal direction of the perforated plate.
This hole arrangement is called here Y-direction. The ligament efficiency 7 is defined by

7 = h/P
where h is the width of ligament at the minimum cross section and P is the distance between hole center lines. Type
A and type B perforated plates have a ligament efficiency of 0.3. Type C and type D perforated plates have a ligament
efficiency of 0.5. The photograph of the four types of the perforated plates are shown in Fig. 2.

The electro-hydraulic four point bending tester manufactured by MTS Systems Corporation with half of its
furnace removed is shown in Fig. 3. The distance between loading points is 500mm and the distance between support
points is 300mm. The deflections of the specimen is detected by the displacement gages under the furnace using
crystal bars.

The loading conditions for the four point bending tests of perforated plates are listed in Table III. Twelve per-
forated plates were tested; four perforated plates for plastic tests at room temperature, four for creep tests at 600°C
and four for refaxation tests at 600°C. -Constant load F is applied at two loading points during the creep test. Con-

stant displacement § is held at two loading points during the relaxation test.

4, Inelastic Analysis Method
The inelastic finite element analysis of the perforated plates utilizing the concept of the equivalent solid plate
consists of the following steps:
(A1) Analysis of the perforated unit cell subjected to in-plane loading to obtain the stress-strain curve of the
equivalent solid plate
(A2) Analysis of the perforated unit cell subjected to in-plane constant load to obtain the creep curve of the
equivalent solid plate

(B)  Analysis of the equivalent solid plate subjected to four point bending
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The inelastic finite element program used in this study is MARC program developed by MARC Analysis Research
Corporation. In the elastic-plastic analysis the von Mises’ vield criterion, the associated flow rule and the Ludwik
type stress-strain representation are used as the constifutive equations. In the creep analysis the associated flow rule,
the total creep strain hardening law and the Norton-Bailey’s creep law are used as the constitutive equations.

The perforated cell used in the analyses (Al) and (A2) is shown in Fig. 4. The element used in this figure is
the plane stress quadrilateral element. The method of the analyses (Al) and (A2) is almost the same as that of the
previous paper [3] except for the stressstrain relation and the creep strain representation. Refer to the previous
paper [3] for the details of the analyses (Al) and (A2}, For example, the stress-strain curve of the equivalent solid
plate in the direction of the x axis is obtained by calculating the response of the perforated cell when the edge QR is
pulled in the direction of the x axis. The Ludwik type stress-strain relation is used for the material to represent the
behavior of the type 304 stainless steel wel:

£ = —%—- for ¢ <op, (1)
e= 0 4 (229 0 for ¢ >a
E K } or 2 (2)

where ¢ is the elastic strain plus plastic strain, ¢ is the stress, op is the proportional limit, E is Young’s modulus
and m and K are the material constants. The stress-strain relation of the equivalent solid plate is also represented by
the Ludwik type equations (1) and (2). The proportional limit ¢ p* is the effective stress when initial local yielding

begins at the hole boundary. The coefficient m* and K* are determined by the following equations:
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where @i" is the effective stress when the effective strain is €;*, £;* =0.02 isused here and Ey*is the 0.2% off-
set yield stress for the equivalent solid plate determined from the calculated effective stress-strain curve of the per-
forated cell according to the ordinary procedure.

The creep curve of the equivalent solid plate in the direction of the x axis is obtained by calculating the time
dependent 1esponse when the edge QR of the perforated cell is pulled in the direction of the x axis to the value to
produce a prescribed effective stress and held for a desired time. The Norton-Baily's creep law is used for the material:

£C = A ON{S , 3
where &€ is the creep strain, t is the time and A, n, s are the material constants. The creep curves of the equivalent
solid plate are also represented by the Norton-Baily’s equation (5). The creep coefficients A*, n*, s* for each equi-
valent solid plate are determined from the three creep curves for the effective stresses, op"' , 20 P* and 30 P*usi.ng
the least squares method.

The element used in the analysis of the equivalent solid plate subjected to four point bending is the ordinary

beam-column element, The material properties of the equivalent solid plate obtained in the analyses (Al) and (AZ2)
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are used for the perforated part of the test plate. The original material properties are used for the non-perforated

part of the test plate.

5. Results
5-1 Results of Experiments

The results of the experiments are represented in terms of the response of the average loads and center deflec-
tions, which typify the overall structural response.

The results of the perforated plates 1 through 4 are shown in Fig. 5. The ordinate is the average load of the two
Iateral loads and the abscissa is the center deflection. While the perforated plates | and 2 show the same responses
in the elastic region, those show the different responses in the plastic region. This is because the perforated plate is
anisotropic in the plastic region. The “Y-directioned” perforated plate 2 is harder than the “X-directioned” perforated
plate |.

The results of the perforated plates 5 through 8 are shown in Fig. 6.

The results of the perforated plates 9 through 12 are shown in Fig. 7.

5-2 Properties of Equivalent Solid Plate

The stress-strain curves of the equivalent solid plate are shown in Fig. 8. The coefficients of Ludwik equation
(2) are determined from these curves and listed in Tabte IV.

The creep curves for the type A equivalent solid plate (X-direction, 7 = 0.3) is shown in Fig. 9. The ordinate
is the effective creep strain £¢* and the abscissa is the time. The stress levels are the pr;)portional [imit ap* ,2d p*
and 30 p* . The coefficients of Norton-Baily’s rule are determined by the least squares method and listed in Table V.
The solid line and broken lines in Fig. 9 are those of Norton-Baily’s rule for three stress levels. All symbols are fairly
on the solid line or the broken lines. Results of the perforated plate of the other types are the same. The creep curve
of the equivalent solid plates is also able to be represented by Norton-Bailey’s rule.

53 Comparison of Calculated Results with Measured Resulis

Typical elastic-plastic response of the perforated plate subjected to four point bending is shown in Fig. 10. The
open symbols are the measured results and the solid symbols are the calculated results. The circles indicate the center
deflections and the triangles indicate the loading point deflections. The calculated results agree with the experimental
results. The accuracy of the elastic-plastic analysis of the perforated plates is listed in Table VI. The accuracy is
within 20% except two data at room temperzture. These exceptions are mainly due to “cold creep”. The loads of
the perforated plates 1 through 4 are applied stepwise under manual control while the loads of the other perforated
plates are applied in proportion to time under program control for 30 seconds. The deflection of the perforated plates
1 through 4 increased in the plastic region while the loads are held constant for a few minutes, This is the creep
phenomenon of type 304 stainless steel at room temperature and calted “cold creep”.

The comparison of the measured and the calculated time-dependent response for the perforated plate 5 at 600°C
is shown in Fig. 11. The circles indicate the experimental results, The normal triangles indicate the calculated results
by the inelastic finite element method. The calculation overestimates the creep deformation of the perforated plate.
The accuracy of the creep analysis is listed in Table VII. AD is the increment of the center deﬂectién after the load
reaches the prescribed value. The ratio of the calculated AD to the measured AD are from 3.4 to 4.6 for the per
forated plates. That of the solid beam is 2.6. The solid beam is 40mm high, 37mm wide and 1000mm long. The
test procedure is the-same as the perforated plates. The calculation overestimates the creep deformation of the solid
beam. This means that the creep coefficients for the material listed in Table V are not appropriate. This is because
these coefficients are calculated from 13 uniaxial creep data tested at relatively high stresses of 8 kgf-mm~2 to
24 kgf-mm~2, I the modified creep coefficient A

A = 03A = 0666 x 1078
is used in place of A, the accuracy of the solid plate is .93 and that of the perforated plate 5is 1.22.
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6. Conclusion

The elastic-plasticcreep behaviors of the perforated plates when subjected to four point bending at room tem-

perature and 600°C are measured and analyzed by the inelastic finite element method utilizing the concept of the

equivalent solid plate, The comparison of the experimental results with the calculated results brought the following

conclusion: The equivalent solid palte defined by in-plane loading behaviors is also applicable to the inelastic bending

problems.
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Table HI Loading Conditions for Four Point Bending
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Table VI

Table VI

Table IV Stress-Strain Relations for Material and Equivalent Solid Plates
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Tabte V Creep Properties for Material and Equivalent Solid Plates at 600°C
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Accuracy of Creep Analysis of Perforated Plates Subjected to Four Point Bending at 600°C
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