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SUMMARY

A variety of deformation tests involving a study of strain rate, stress

-j increment, stress cycling and strain cycling effects are reported. It is

concluded that very small ratchet strains may occur, but these are unlikely to be of
* i
i engineering significance. It is also shown that in the absence of reversed

; | plasticity the upper stress bound is represented by the monotonie stress-

P strain curve. Under reversed plasticity, significant cyclic hardening can

occur and in this case the upper bound may be represented by the cyclic

1 stress-strain curve.
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1. INTRODUCTION

Austenitic stainless steels such as Type 316 steel have a low proof strength to UTS ratio and,
because of this, there is a large margin between the onset of plasticity and final failure. Design Codes
recognise this fact by permitting higher maximum stresses relative to the proof strength than are
allowed for in ferritic steels which generally have a higher proof strength to UTS ratio. As a conse-
quence of this situation, it is likely that regions of some stainless steel components will deform plasti-
cally under plant operating conditions and there is also the risk that ratchetting will occur. The
possibility of component ratchetting is a function of both geometry and materials behaviour. This
Report deals with the latter aspect from tests performed on simple uniaxial specimens of Type 316
steel at 400°C, a temperature of relevance to nuclear plant. This work was prompted by evidence that
at RT cold creep of stainless steel had been observed (1'2'3) and that repeated pressurisation of a vessel
had led to a linear increase in local (ratchet) strain with number of pressure cycles.141

In examining the possibility of material ratchetting, the question of cyclic hardening has also
been studied in relation to the stress-strain response and a number of tests have been performed to
establish the deformation characteristics. These include monotonie tensile tests at different strain
rates, strain increment tests, repeated strain cycling tests to about 500 cycles (which is taken as repre-
sentative of the maximum number anticipated in service) and repeated stress cycling tests. In a number
of the tests a hold-time was introduced at maximum stress or strain.

The first phase of this type of work is reported in this Report. The eventual aim is to produce
constitutive equations which will describe the deformation behaviour under complex loading situations
and over a wide temperature range.

2. MATERIAL AND EXPERIMENTAL DETAILS

All specimens were machined from 35 mm diameter Type 316 steel bar which had been solu-
tion treated at 1050°C, and had the following chemical composition (wt%): CO-06; Si 0-49; Mn
1-75; S 0-021; P 0-035; Cr 17-68; Ni 12-30; Mo 2-34; N 0-04; B 00017. Its RT tensile properties
were: 0-2% proof strength 239 N/mm2, UTS 574 N/mm2, and elongation on 5-65 v A 43%. These
values are close to the average for Type 316 steel.151 After machining, the specimens were re-solution
treated at 1050°C to eliminate any cold work that the machining operation may have introduced.

All tests were performed using a servo-hydraulic machine; the specimens used had a parallel
gauge length of 12-6 mm and a gauge diameter of 7-4 mm. The specimen strain was controlled or
recorded from a 12 mm extensometer attached to the parallel length of the specimen. The specimen
stress was controlled or recorded from a load cell incorporated into the loading chain of the test
machine. The specimen temperature was maintained constant at 400°C to within + 2°C.

3. TEST CONDITIONS AND RESULTS

3.1 Monotonie loading - Effect of strain rate

Stress-strain curves up to 1-2% strain were obtained at a strain rate of ~ 3 x 10~5 sec. which
conforms to BS 3688 for standard tensile testing, and can thus be compared with published tensile
data. Similar curves were also obtained at the slower strain rate of 1 x 10'Vsec. (Fig. 1). Note that the
material is more resistant to deformation at the slower strain rate. The precise reason for this is not
clear but could be due to carbon and nitrogen being more effective in restricting dislocation motion at
the slower strain rate. The average 0-2% proof strength values obtained were 137 N/mm2 at the
standard strain rate and 151 N/mm2 at the slower strain rate.

3.2 Incremental strain test

In this test the specimen was first strained to 0-05% and the strain then held constant for 2 h.
Thereafter strain increments of 0-02% were applied to the specimen and the strain held constant for
2 h after applying each increment. In some cases the 2 h period was increased to about 1 5 h for
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convenience. A total of 37 such increments were applied, the total strain at the end of the test being
0-77%. At the first two strain levels of 005 and 0-07%, no significant change in stress was detected
during the 2 h hold period. At higher strain levels, however, the stress relaxed 10% or less (see Fig. 2).
The average monotonie loading curves have been Included In Fig. 2, which shows that the stress limits
in the incremental test are approximately bounded by them, the lower bound corresponding to standard
strain rate tests. Typical stress relaxation curves obtained from the incremental strain test are repro-
duced in Fig. 3, which indicates that the stress relaxation is virtually complete within 5 minutes.

3.3 Fully reversed strain cycling tests

The purpose of these tests was to evaluate the extent of cyclic hardening at low levels of strain
range relevant to design and to the maximum number of major cycles expected in the life of the plant
(about 500). The possible influence of hold-time at maximum strain on the cyclic behaviour was also
investigated.

Two tests were performed at a strain range of ± 0-2%, one with a -j- h hold-time at maximum
strain; both tests were performed at a strain rate of 1-5x10'Vrnin. No significant stress relaxation
was detected during the \ h hold period and the cyclic hardening response with and without the hold
period was almost identical, (Fig. 4). A further test at + 0-1% strain range was then performed without
any hold-time. In this test there was no significant cyclic hardening beyond the first 20 cycles; the
stress range at 500 cycles was 330 N/mm2 (Fig. 4).

The semi-stress ranges at 500 cycles from these tests are compared with the monotonie curve
in Fig. 5; this information has been supplemented with cyclically hardened stress values previously
obtained on Type 321 steel.'61 This figure clearly indicates the substantial strain hardening that can
occur in 500 cycles; for example, the 0-2% proof strength value is virtually doubled. It is also obvious
that at low strain ranges (e.g. ±0-1%) the stress-strain response soon becomes fully elastic.

An analysis of the + 0-2% strain range tests indicates that the cyclic hardening could be repre-
sented by the expression:

Op = A log N + B

where OR = strain range, N = number of cycles and A and B are constants; obviously this equation
is only applicable over a limited range of N values.

3.4 Fully reversed stress cycling test

To demonstrate the cyclic hardening behaviour under load controlled conditions, a test was
performed at a stress range of ± 137 N/mm2, this stress level approximately corresponding to the 0-2%
proof strength (see Fig. 1). The variation in strain range with number of cycles is given in Fig. 6. The
elastic strain range has also been included and it canbe seen that after about 500 cycles the strain is
almost fully elastic. This figure also indicates that most of the cyclic hardening takes place during the
first ten cycles.

3.5 Incremental stress cycling tests

The main purpose of these tests was to establish whether material would produce any incre-
mental strain, i.e. ratchet strain under identical repeated straining cycles. An additional requirement
was to establish the general stress-strain response under complex stress cycling conditions. Three
tests have been performed to investigate these aspects.

In the first test the specimen was loaded up to a stress of 130 N/mm2 and then cycled between
stress levels of 130 and 90 N/mm2 twelve times (designated step 1). The loading time for each cycle
was 20 seconds and at the end of each cycle the specimen was held at maximum stress for -j- h. The
stress level was then increased to 150 N/mm2 and a further twelve stress cycles applied, in this case
down to a stress level of 70 N/mm2 (step 2). A total of five steps were investigated, the stresses
employed and the strain response observed are shown in Fig. 7. The monotonie tensile curve has been
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included in Fig. 7 which indicates that the stress-strain response under the complex incremental stres-
sing pattern employed, closely follows the shape of the tensile stress-strain curve. Throughout each
test the strain response was fully monitored and particular attention was given to determine If any
ratchet strain was detectable during each step. In some cases small strain increments were detected
but it should be noted that these were so small that they were almost within the experimental scatter.
The ratchet strain measured during each step is given in Table 1.

The second test was performed with six cycles in each step and a ten minute hold period at
maximum stress in each cycle. In this test the minimum stress was fixed at half the value of the maxi-
mum stress in the cycle and the first few steps were applied at lower levels of maximum stress. The
results obtained are given in Fig. 8; as in the first test, the stress-strain response closely follows the
monotonie tensile curve and little or no ratchet strain was detected (Table 1).

In the final test, forty eight stress cycles were applied at each step with a y h hold at maximum
stress in each cycle. As in the previous tests, the stress-strain response was found to be close to the
monotonie curve (Fig. 9); the measured ratchet strains are included in Table 1.

Consideration of Table 1 indicates that the measured ratchet strains are generally small but
variable; sometimes apparently negative strains are observed. Too much reliance should not be placed
on individual values however because of the experimental uncertainties associated with these small
strains. Nevertheless, it is considered that the calculated average behaviour is likely to approximately
represent the true situation because of the relatively large number of results available. Taking all the
results in Table 1, the average ratchet strain per cycle is 0-00029%; assuming that this amount of
ratchet strain occurs during every similar cycle, the calculated total ratchet strain in 500 cycles is about
0-15%. Although there is obviously some uncertainty associated with this value, it is unlikely that in
general ratchet strains of the order of this magnitude will be of significance in design.

It should be noted that similar tests have been performed by Turner and Martin'71 on Type 304
steel at 300° and 560°; they observed substantial ratchet strains, but the peak stresses which they
employed were substantially higher than those used in the present investigation.

3.6 Subsequent straining behaviour

The specimens used in the third incremental stress cycling test and in the ± 0-1% fully reversed
strain cycling test were taken to failure. The stress-strain curves obtained are shown in Fig. 2; the
monotonie and cyclic curves are included for comparison purposes.

Figure 10 shows that the prior incremental strain had little effect on the plastic response, the
curve following that of the monotonie tensile test reasonably closely; this behaviour is similar to that
observed in the incremental tests themselves (Figs 7-9). In the case of the prior strain cycled specimen,
the loading curve first followed the cyclic stress-strain curve beyond the 0-1% strain level but beyond a
stress level of about 200 N/mm2 readily deformed plastically showing little strain hardening.

The proof strength and UTS values obtained were as follows:

0-2%PS 1-0%PS „ „ „ , .
Priorstraining . . . , . . . , UTS N/mm2

N/mnv N/mm2

None 135 167 518

Incremental strain 197 211 540
(-2%)

Reverse strain cycled 201 218 543
(±0-1%)

This table indicates that the prior straining increased the proof strength significantly (25-50%)
and also resulted in a slight increase in the UTS.
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4. DISCUSSION

The various tests performed on Type 316 steel at 4OO°c indicate two different patterns of stress-
strain behaviour. If the material is cycled in some way which results in unidirectional plastic strain,
then the upper limit to the behaviour can be represented by the monotonie stress-strain curve. In this
situation most of the deformation is likely to occur in the first cycle of maximum stress application. On
the other hand, once reversed plasticity is introduced into the cycle, cyclic hardening occurs which can
raise this upper bound to that of the cyclic stress-strain curve shown in Fig. 5. Because of the increased
strength there is less likelihood of ratchetting, i.e. the material is less likely to ratchet when cycled
between + a and - o than when cycled between + o and 0, provided o is greater than the limit of
proportionality; this statement is only true however for conditions in which the material cyclically
hardens.

In general it is required to simplify the stress-strain response of materials for ca'culat'on
purposes; this is an important aspect, since it has been shown that the predicted deformation is depen-
dent not on(y on the model employed but also the absolute values used.181 It is not the purpose of this
Report to make recommendations regarding constitutive equations; nevertheless the materials
behaviour observed can be presented in a simplified manner to understand the situation more clearly.
Using a bi-linear model, the stress-strain behaviour is shown in Fig. 11. In Fig. 11 (a) the monotonie
curve is represented by an elastic modulus (angle of slope a) and a plastic modulus (angle of slope ß).
If the material is loaded from A to B to C and then unloaded to D, then on reloading it will follow the
path DCE; this same reloading path will be followed if the unloading path is increased down to D' the
negative limit of proportionality. If, however, the material is unloaded beyoi.:' D' reveised plasticity
will occur (see Fig. 11 (b)). In this case the subsequent loading will follow the path FGH resulting in a
stress increase of CH above the monotonie curve; the eventual maximum stress and plastic strain
range values will be dictated by the position of the cyclic stress-strain curve AB'E'.

Under repeated stress cycling conditions, small ratchet strains were detected {Table 1). Under
incremental strain conditions a small amount of stress relaxation was also detected (Fig 3). These
results suggest that the material might be slightly dimensionally unstable at 400°C. It should be
stressed, however, that these effects are smaller than some that have been observed in RT.I9) Never-
theless, it would be prudent to evaluate the likely deformation behaviour of any close tolerance compo-
nents of solution-treated Type 316 steel intended to operate at a temperature of about 400°C and
subjected to high cyclic stresses.

5. CONCLUSIONS

From material deformation tests carried out on Type 316 steel at 400°C:

(i) If identical repeated stress cycles are applied to the material it is possible that beyond the
first cycle a small ratchet strain will occur. In general the magnitude of this strain is
unlikely to be of engineering significance.

(ii) If stress cycles without reversed plasticity are applied to the material the upper stress
bound is represented by the monotonie stress-strain curve.

(iii) If stress or strain cycles with reversed plasticity are applied, significant cyclic hardening
will occur and the upper stress bound is increased above the monotonie stress-strain
curve; in this case the upper bound may be represented by the cyclic stress-strain curve.
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TABLE 1

Incremental stress cycling tests.
Record of ratchet strain detected during each test

Step No.

1

2

3

4

5

(12

Test No. 1
Ratchet strain (%)

0005

-0008

0004

0-007

0008

cycles per step)

Test No. 2

Step No. Ratchet strain (%)

1 0000

2 0005

3 0003

4 0000

5 0000 •

6 0000

7 0008

8 0009

9 0005

(6 cycles per step)

Step No.

1

2

3

4

5

6

7

8

(48

Test No. 3
Ratchet strain (%)

0017

0-008

0-008

0-015

0032

- 0033

0-031

-0019

cycles per step)
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FIG. 1 MONOTONIC STRESS-STRAIN CURVES SHOWING EFFECT
OF STRAIN RATE



FIG.2 INCREMENTAL STRAiN TEST



FIG. 3 TYPICAL STRESS RELAXATION CURVES
FROM INCREMENTAL STRAIN TEST



FIG. 4 REVERSED STRAIN CYCLING TESTS



FIG. 5 COMPARISON BETWEEN CYCLIC AND
MONOTONIC STRESS-STRAIN CURVES



FIG. 6 FULLY R E V E R S E D STRESS CYCLING TEST



FIG.7 INCREMENTAL STRESS CYCLING TEST No. 1



FIG. 8 INCREMENTAL STRESS CYCLING TEST No. 2



FIG. 9 INCREMENTAL STRESS CYCLING TEST No. 3



FIG.10 STRESS-STRAIN RESPONSE OF PREVIOUSLY TESTED SPECIMEN



FIG.11 BIL INEAR REPRESENTATION OF-

STRESS - STRAIN BEHAVIOUR


