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The Behaviour of Stainless Steel Type 316 Under Bree Type Loading
at Elevated Temperatures

D.J. Brookfield, D.N. Moreton
University of Liverpool, Division of Applied Mechanics, P.O. Box 147, Liverpool L69 3BX, UK.

Abatract

Thin strips of stainless steel have been subject to constant axial tension and cyclic
curvature change, i.e. Bree type loading. By measurement of the strip length the presence
or otherwise of ratchetting could be determined. Some initial results are reported for

temperatures of 300, 400 and 500C. These results are compared with ASME III design rules.

Notation
E Elastic modulus (measured at R Radius of wheel
room temperature) t Thickness of strip
ob Bending stress (equivalent to Bree thermal stress)
% Direct stress (equivalent to Bree pressure stress)
Uy Room temperature first yield stress
% 5 0.2% proof sgress
p Strain x 10
1. Introduction

In the liquid metal fast breeder reactor the fuel can walls are subjected to internal
pressure, which may be considered as constant, and a cyclic through wall thermal gradient.
This combination of a steady mechanical load and cyclic thermal strain can result in
ratchetting, i.e. the accumulation of strain on each thermal cycle. Such a failure mode was
examined by Bree [1] for an elastic/perfectly-plastic material and the now well-known "Rree
Diagram" developed.

This type of loading is common in many reactor components where the material properties
may not be idealised in this way. Stainless steel type 316 is now often specified and its
mechanical behaviour shows marked strain-hardening.

Attempts to reproduce Bree loading in the laboratory are made difficult by the very
large thermal power inputs required to produce the necessary thermal gradients. For example,
to produce first yield in a stainless steel cylinder of 0.1 m radius and 0.005 m wall thick-
ness requires a thermal input of the order of 60 kW per metre length. Because of this
difficulty a method of simulating Bree loading was developed. The basis of this method is
the’ application of a simulated thermal load to a strip of the test material by forming the

strip around the periphery of a wheel. A steady tensile axial load simulates the pressure
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component. Rotary oscillation of the wheel causes two portions of the strip to be alternately
formed around the wheel or straightened. This process simulates the cyclic thermal load and
ratchetting is observed as an increase in the length of the test strip.

Tests on both elastic/perfectly-plastic and strain-hardening materials using this Bree
simulation have been reported by Ng and Moreton [2]. Of particular interest here are the
tests on type 316 stainless steel. 1In these, ratchetting was observed to continue over 103
cycles at various combinations of direct and thermal stress. Although the ratchet rate
observed during the first 100 or so cycles was a function of the cycling rate, the "steady
state" ratchet rate after a greater number of cycles appeared to be independent of this.

The tests reported by Ng and Moreton were, in all but one test, conducted at room
temperature. Considerable cold (logarithmic) creep has been observed in stainless steel
type 316 [e.g. 3,4] at room temperature. It is likely that a component of the observed strain
accumulation would have occurred without cycling due simply to this cold creep. 1In a fast
reactor, however, the operating temperature is such that logarithmic creep is unlikely.
Furthermore the properties of stainless steel type 316 change appreciably with temperature.

It was thus considered useful to extend the experimental work of Ng and Moreton to the

temperatures likely to be experienced in an operational reactor.

2. The Experimental Procedure

The basis of the simulation of Bree loading by deforming a atrip to a specified radius
has already been reported [2]. The rig employed for room temperature tests was fully
described in [5]. To enable tests to be undertaken at elevated temperatures an insulated
jacket was constructed to enclose this rig and electrical heating used to provide a maximum
power input of 6 kW. The standard of the thermal insulation was such that a temperature of
500C could be maintained without difficulty. The modifications for elevated temperature
testing are described in [6].

Stainless steel of type 316 is frequently specified for components 1in nuclear power
plant. This material was selected for the tests described here. Strips of test material
were prepared by shearing from sheet. Following shearing the strips were stress relieved at
1050C. Great care was taken to avoid introducing any permanent set into the strips before
they were each loaded onto the wheel. Specimens cut from the sheet were analysed and the
composition obtained is listed below. This conforms with the appropriate British Standard

requirement for such material.

Elem Ci Si S P Mn Ni Cr Mo

0.019 0.400 0.003 0.021 1.60 12.06 17.81 Z2.53

The tensile properties of the strip at room temperature were obtained using adhesive
mounted strain gauges and dead weight loading. First yield, defined as the departure from
linearity of the stress/strain curve, was found at a stress of 84 MNm_Z. The room tempera-

9Nm-z. Tensile testing at elevated temperatures was compli-

ture elastic modulus was 186 x 10
cated by difficulty in measuring the elongation of the specimen. Although work is currently
being undertaken to measure the tensile properties of the strip at the elevated temperatures
used in the cyclic tests, the room temperature elastic modulus is used here in calculating
the bending stress from the wheel radius. Similarly, both the bending and direct stresses

are normalised with respect to the room temperature first yield stress. Tt is important to
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appreciate that whilst the direct stresses shown are correct, the bending stress are
fictitious elastic being calculated from

ET
% = 2R

In this series of tests, the procedure followed was to mount the strip on to the wheel
and attach weights to its free ends. The temperature of the strip and the wheel was then
raised to the test temperature and maintained for approximately one hour before oscillation of
the wheel was started. The wheel speed was adjusted so that a cycle of bending and straight-
ening was completed in 42 s. The length of the strip was monitored using displacement

transducers mounted outside the hot zone of the rig.

Sr Results

The initial intention of the test programme was to establish ratchetting boundaries on
the Bree diagram at 300°C, 400C and 500C. Of the nature of the test rig it was impossible to
experimentally determine other Bree boundaries as alternating plasticity, for example, could
not be detected. In the room temperature tests previously reported [2] and [5] a clear
ratchetting boundary was observed with ratchetting ceasing within 100 cycles to the left of
the boundary. It rapidly became clear that such a boundary was not to be found in the
elevated temperature test results. In each of the 50 or so tests with different combinations
of direct stress, bending stress and temperature conducted to date, "shakedown' was achieved
within fewer than 100 cycles. It is important to appreciate that shakedown in this context
refers purely to the cessation of ratchetting.

Because continued ratchetting was not observed, the important result from each test was
the strain accumulated in achieved "shakedown". These strains have been determined for two
wheel radii, at three temperatures and over a wide range of direct stresses.

Fig. 1 shows typical strain accumulation data from a test at 400°C. The rapid decay in
the ratchet strain rate is clearly visible. This can be compared with the room temperature
strain accumulation for this steel reproduced from [2] as Fig. 2. It can be seen that
although ratchetting ceased during the elevated temperature test, the accumulated strains are
considerably greater than those observed in the room temperature tests with similar combin-
ations of bending and direct stress. A similar result was obtained in each of the tests.

Figs. 3-8 show the total ratchet strains accumulated during each test as a function of
the applied direct stress. Within the limits of experimental error these appear to be a
linear function of the normalised direct stress. A least squares routine has been used to
fit straight lines to the data for each bending stress/temperature combination. The
coefficients of these lines have then been used to find the best estimate of the applied

direct stress at which a specified total strain accumulation occurs.

4. Discussion

The results obtained in the elevated temperature tests were clearly very different from
those reported from previous tests at room temperature. Although the present results show
“ghakedown" in every case, the accumulated strains are very large compared with those over
the same number of cycles at room temperature. In some of the tests shown in Figs. 3-8 the
accumulated stralns exceeded 3%.

A 1% strain 1imit was proposed by Townley [7]. Fig. 9 shows the 1% strain accumulation
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boundary at U0O0C obtained using the least squares coefficients from Figs. 5 and 6. The 0.2%

proof stress has to date only been measured at room temperature. However, a mean 0.2% proof

stress of 160 MNm_2 at 400C was found by Sikka and Booker [9] in surveying tests on American

samples of 316 stainless steel. Fig. 9 shows a portion of an ASME IIT design curve based on

this.

It can be seen that the 1% boundary occurs at a lower direct stress than the ASME

curve.

5.

Conclusions

The response of 316 stainless steel to Bree loading of 300C, 400C and 500C has been

investigated. It has been shown that at two simulated thermal stresses ratchetting ceases

within 100 cycles over a wide range of direct stresses.

An ASME IIT design curve is shown to be non-conservative with respect to the 1% strain

accumulation boundary at 400%C.
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