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Analysis of Biaxial Experiments on 316 Steels at Elevated Temperature
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Abstract

A tubular test specimen made of 17-12 SPH austenitic steel was subjected to cyclic tor-
sional stressing at 600°C by maintaining a comstant axial load and applying a cyclic twisting
force with a symmetric amplitude. The aim of the tests was to study the effect of hold time
at cycle limits (between 10 and 10 000 seconds) on the evolution of maximum stresses and
ratcheting.

Hold time was observed to significantly reduce the maximum values of the stresses en-—
countered in the cycling and apparently more than in the uniaxial case. Increasing the hold
time stromgly increases ratcheting ; the results of the tests carried out are interpreted in
the framework of the viscoplastic model of J.L. Chaboche : the stress/strain diagrams are
represented in a realistic way although ratcheting is overestimated.

1. Introduction

The creep fatigue life prediction of materials used to construct the components of
liquid-metal fast breeder reactors requires a good knowledge of the stresses and strains
set up in their structures during operation, and, in particular, of the effects of thermal
transients. It is therefore important to be able to judge the validity of the comstitutive
equations to represent stress and strain states in a real geometry.

The parameters required for these calculations are generally obtained by fitting to the
results of uniaxial tests. A first test of the applicability of a model to a multidimensional
structure can be made by interpreting biaxial experiments such as torsional stressing of a
thin walled tube. This type of test has been widely used in the CEA in order to study rat-
cheting []—5]. In these tests, stresses and strains can be determined without any ambiguity,
stresses from measurements of moments and axial load and strains from the torsion angle and
the elongation of the test specimen.

Comparisons between experiment and theory were performed for 17-12 SPH austenitic steel
at 600°C because of the usefulness of this material in the construction of liquid metal fast
breeder reactors. The experiments described here were principally designed to evaluate the
effect of the time between thermal transients on the resulting stresses and ratcheting.

As a result of the importance of time, a viscoplastic model developed by J.L. Chaboche

of 0.N.E.R.A [6,7] was retained to interpret the results.
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2. Deseription of tests

The apparatus used has already been described [1-5] . Figure ! shows the tubular test
specimen used and indicates its dimensions (mean radius r = 10.5 mm, thickness t = 1,30 mm,
useful length L = 240 mm). The test specimen is subjected to an axial loading that remains
constant with time (primary stress) onto which a cyclic torsional load with a symmetrical
amplitude 2A®(secondary stress) is superimposed ; different constant hold times, HT, being
imposed at the cycle limits. Figure 2 illustrates the loading mode applied to the test
specimen. 17-12 SPH steel originating from an 1100°C annealed and water quenched sheet
obtained from EDF Renardieres Research Center was used. The percentage chemical composition
was : 0.03C, 0.001 S, 0.021 P, 0.44 Si, 1.84 Mn, 12.30 Ni, 17.54 Cr, 2.47 Mo, 0.075 N and
0.175 Cu. The elastic limit at 0.2 7% was Sy = 143MPa with a Young's modulus E = 138,000 MPa.

The test program is summarized in table 1
the axial load used throughout all the tests was 50 MPa
the half-amplitude of the rotation was * 9.2°

the hold times for the 4 tests considered were 10, 100, 1000 and 10000 seconds respectively.

3. Analysis of experimental results

Moments are represented as reduced moments Mr = ___EM_____ equal to stresses norma-—
2mr 't x Sy

lized to the value of Sy. Maximum reduced moments are reported as a function of the number
of the cycle involved for each of the tests (figure 3) ; these moments, that is to say norma-
lized maximum stresses, decrease significantly when the hold time increases and notably more
than in the uniaxial tests performed on the same steel at the same temperature, and,in parti-
cular, in the tests of Mottot et al [8] g

The curves giving axial elongations, that is to say the ratcheting occurring in the
different tests, are reported in figure 4. Hold time effects are very significant and if
should be noted that almest all of the axial elongation takes place during the torsiona

motion and not during the hold time. Figure 8 demonstrates this fact ; in this figure elon-

gation is shown as a function of the angle of torsion for a hold time of 10,000 seconds. This
can also be confirmed from the figures given in table 2 which tramslate elongation as a func-
tion of hold time for different time lapses in the tests (including hold times) ; for a dura-
tion of 690 mn the elongation therefore reached 3.38 % with a hold time of 10 seconds but
only 0.81 % with a hold time of 10,000 seconds.

4. Interpretation of experimental results using a viscoplastic model

The viscoplastic model used to interpret the results was formulated by J.L. Chaboche
[6,7] in a framework of general thermodynamics. This model enables the behavior of a material
to be described in terms of internal variables. A hypothesis of the partition of the total

deformation into an clactic part obeying Hooke's law and a plastic part ¢p is employed. The
: — n
plastic part is represented by the following formulation : P:V%.&p:&p =<?(¢-fg—R-R€>

”f= < 7(p) [%“ddp'*dpl J(c'-*):[% (c'—x’):(«'-x’)]%
Ap oL¥%’ - -
ip= % p Jo-(“-_,x) F(\ﬂ: 04 (4-2)6 pr R=Rm (i-e'xf’)
the symbol <u> signifies <u> = u if u > 0 and <u> =0 if u < 0.

The two parameters K and n determining the viscous behavior of the material were ob-
tained from J.L. Chaboche of ONERA and result from fitting creep test results for the same

material.
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The other parameters were obtained from fittings with results of cyclic temsile com-
pression tests on specimens from the same metal sheet as was used for the torsional stressing
tests, the results of which have been communicated by G. Rousselier of EDF. The monotonic
curve, first and sixth cycles and the stabilized cycle have been represented as best as pos-—
sible. The results of the fittings are compared with experimental results (see figures 5a,

5b and 5c¢). The following parameters have been obtained in this way

E = 138,000 MPa v = 0.33 K = 110 MPa =20
a = 60 MPa ¢ = 1500 1=0.38 = 100
R = 5 MPa R = 138 MPa Yy = 8.1

o m

Calculations carried out for tests 511 (HT = 10 s) and 514 (HT = 10000 s) employed these
parameters. Stress/strain diagrams determined for the first, sixth and stabilized cycles are
compared with the experimental values of figures 6a, 6b, 6c and 7a, 7b and 7c¢ respectively.
Overall agreement is satisfactory. Nevertheless, the shape of the stabilized curve is only
in approximate agreement as the model used only allows isotropic work hardening to be consi-
dered. Finally, the maximum stress in the HT = 10000 s calculation is overestimated.

Calculated and measured axial strains encountered in the two tests are reported in
figures 7 and 8. The model considerably overestimates ratcheting, the error being less for
long hold times. From a more general point of view, an examination of figures 7 and 9 rela-
ting to stress/strain loops and figures 6 and 8 relating to ratcheting shows that calculations

do not take the effect of hold time into account.

5. Conclusion

Cyclic torsional stressing tests carried out on 17-12 SPH steel have shown that increa-
sing the hold time considerably increases ratcheting and that this deformation is not in any
way due to creep occurring during the hold time. Another observation is that the reduction
in the maximum stress attained during cycling as a result of the hold time appears to be
significantly greater than that encountered in uniaxial tests.

The viscoplastic model of J.L. Chaboche enabled the experimental stresses occurring in a
biaxial structure to be explained in a reasonable way : this was done using parameters ob-
tained in uniaxial tests. Ratcheting 1s, however, very much overestimated. In both cases, the

effect of hold time is not reproduced by the calculation.
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Table 1 - Experimental design

n° ' Primary Angle Nber Hold

test j Stress Degree Cycles Time Temperature
Mpa second

511 50 + 9,2 2542 10 600

512 50 kT2 690 100 600

513 50 + 9.2 1232 1000 600

514 50 5,2 152 9950 600

Table 2 - Cumulative elongation comparison as a function of time

N° Test
511 time wn 34 172 345 690 | 1754
HT : 10s | ¢ A 1,55 [ 2,22 | 2,72 [ 3,38 4,71
512 time mn 41 165 330 690 |
HT : 100 s | € % 0,80 | 1,42 11,93 | 2,72
513 time mn 34 168 ‘ 337 673 |I683 3367 10100 33668
HT : 1000 s | € % 0,40 | 0,94 ! 1,27 | 1,64 ;2,26 3,08 5,28 9,14
514 time mn ; 334 i 668 %1670 3340 10019 33398
HT : 9950 s | € A 0,52 V0,81 11,63 | 2,17 | 4,16 7,62

— 46 — L 1/9



St

P=F/s

240

130

=i

Tube & WA/707

-

Biaxial test specimen i
& %
1
—— - J542 cyeles (1431 -
P Sl s, sty e
&0 eycles [1,931 - an
e
6 /

1232 cycles (3,61)

1232 cycles (5,99%)

—

53 _se
B 890 cycles (5,63%]
i
- o
—
// 54

tjeles cycles
o I | S 422 0 A I | L 1 I
i 200 300 ) 100 28 Jon )
Fig. 3 Normalized Torsion Torque.Measured Fig. 4 Cumulative elongation
Torque/2m .r2 .t.Sy
300 T T oo T T T T 300 T T T T
(Al Ll LARA] b ol ]
2001 200 - 2001 B
100} ﬁ E 100}- / . 100/- b
1] ] [ a—
100} / ] -0} L ; 100 |- 1
ﬂ/‘ ;
-2001 E -200}- B -200 / N
Stabilized cycle
L ! cycle o' cycte 1
(1] €12 e
-300 L . -300 1 i -300 L 1 L
-0.006 - 0002 0.002 0,606 =008 -0.002 nonz 0.008 -0.006 -0.002 n.aoz D.00&
Fig. 5 Cyclic uniaxial stress-strain curves ( ----  experiments,
model)
L 1/9

— 47 —



0.006

[ &
0004
0.002 1
0
-0.002 \( V \]
iy ——Test 51t
— Caleulation e il
-0006L 1 i 4 T —
] 0.004 001 0.024
Fig. 6 Test 511 experimental and calculated progressive elongation
— T 1 0 —
IUD‘RF_'_ - == ?ﬂﬁqu T B PETL T T v
100l ] 100} - 0o -
f——
V] -/
“ _/ 1 // |
L 100} - -100 1
-100 s
" I L
# cycle i " tycle T sg| STibilized ! cycle L
. -200 ‘ i A L = L
A Y rra——Y T 000z 006 -0.006 -0 b0z 0006 “Bie, 0002 L.002 0,006
Fig. 7 Test 511 cyclic torsion stress-strain curves (~-—-—- experiments,
model)
0006 ——y———— 7T T
e 12
0.006%
0.002 1
b
-0.002|- 7
0004 == Test 51 |
— Calculation e 11
5006 PRI N PR A
0.008 0.016 0.024
Fig. 8 Test 514 experimental and calculated progressive elongation
200 —
e PETL T T . s RO T 012 T %
100 100 g d 100} '
e =
4 /[ /
i S— 0 // 0 ,/
____,_._,._-/ /
~nal- b -100f- i | =W ]
L _-/
] th
# cycle —_ a7 &% cycle 12 sopl Stabiized_cxcle ¢ 12
; - . — . : / : o8 12
10 0002 T YT ~0006 0.002 0002 0.006 0006 Z0.002 0.002 0.006
Fig. 9 Test 514 cyclic torsion stress-strain curves (——--—- experiments, model) .,
L 1/9

-4

8





