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1. INTRODUCTION .

The LMFBR contains several structural items whose integrity must be safe
guarded during the life of the plant. These items include the main core 
support structures (strongback, diagrid) and the primary tank to which these 
structures are attached. In order to demonstrate an acceptable level of 
structural integrity, the chosen design philosophy must be supported by 
both analytical and experimental evidence. This paper describes the current 
approaches in the UK to these requirements.

Section 2 describes the materials mechanical properties tests performed to 
date on both fracture toughness and fatigue crack growth in Type 316 
austenitic stainless steel plate and weldments. This data illustrates the 
problems in identifying the relevant materials fracture parameters for use 
in assessments. Section 3 shows the test programmes in hand to extend the 
materials programmes to tests on structural features (mainly welded wide 
plate tests) which incorporate the complexity of weldments in a structural 
context. This includes experimental evidence on the effects of local weld 
residual stresses on structural failure.

Various routes are open for the integrity assessment of FR structures. These 
are discussed in Section 4 but in effect they reduce to a fracture mechanics 
approach using seme technique to cope with elastic-plastic fracture. The 
main problems at present relate to our ability in analysis to cope with 7
residual stresses and the post-initiation region of the fracture resistance 
curve. Also, there is the problem of initial defect sizing by current NDE 
techniques. Current conservative analytical assessments give acceptable 
defect sizes of order a few millimetres in irradiated weldments.

Finally, Section 5 discusses the options open in design to cope with safety 
related structures under normal and abnormal loading conditions. It is 
clsar that several options exist in design to satisfy the demand for high 
integrity.

2 . MATERIAL PROPERTIES 21

2.1 Toughness

Austenitic stainless steels are basically tough materials and linear elastic 
fracture mechanics parameters such as are not relevant to the assessment 
of fracture resistance. Elastic-plastic fracture parameters must be consider
ed and both the J-contour integral and the crack tip opening displacement 
(S) have been examined. To date attention has focussed on the values of J 
and 8 at the initiation of tearing (J^, S"̂ ) as these seem to represent 
materials properties independent of specimen dimension above a modest 
critical size. Although considerable resistance to tearing is encountered 
beyond this initiation point, it varies with specimen geometry and loading. 
Experience with other materials also indicates a time dependence of fracture 
in the tearing region. Picker (Ref 1) has reported initiation toughness 
values for Type 316 stainless steel and weldments. This data includes the 
effect of cold work, temperature and ageing for the plate material.

2.1.1 Type 316 Steel

Fig. 2.1 shows the effect of cold work on the initiation toughness at 20°C 
for initially solution annealed material heat treated for 2 hours at 650°C.
The toughness is reduced markedly by small amounts of prestrain (.0-0%). 
Increasing temperature also reduces toughness, particularly in the range 
20-300°C (Fig. 2.2). Beyond initiation, tests to date have shown the 
J R-curve in the tearing region to have a moderate positive slope independent 
of specimen size for bend tests with specimen thicknesses in the size 
10-50 mm.

The effect of prolonged ageing has been briefly investigated with initially 
solution annealed specimens given an ageing treatment of 9000 hours at 
650°C. A marked reduction in initiation toughness caused by the ageing 
treatment was observed when tested at 550°C (Fig. 2.3). Microstructural 
examination revealed the cause of this reduction as increased carbide 
precipitation which contributed to fracture. Further ageing studies are in 
hand.

Lloyd and Chipperfield (Ref 2) have reported some US data on irradiated 
annealed Type 316 plate, weld and 25% cold worked Type 304 plate. Fig. 2.4 
shows the variation in initiation toughness with irradiation dose up to
0.8 dpa for tests at 'nj300°C, A UK test programme will examine the effects 
of PFR irradiation up to 0.4 dpa at 410-460°C and 4 dpa at 590°C.

2.1.2 17:8:2 Weld Metal

Six differently restrained metal arc weld deposits have been tested at 370°C. 
Initiation toughness was found to be independent of cast, geometry, 
deposition method and orientation (Fig. 2.5) and was a factor of 3 lower 
than that of wrought material at the same temperature. J was of order 
50 kN/m. Stress relieving at 650°C and 850°C for 2 h had little effect on 
initiation toughness. Further work is investigating TIG welding which 
indicates higher toughness and further post weld heat treatment studies.



2.1.3 Summary

The data suggest that low initiation toughness values are obtained in 
Type 316 austenitic stainless steel, particularly following irradiation.
The implications of this for critical defect size will be examined in 
Section 4. Indications are that a similar pattern of toughness values would 
be obtained with Type 304 and 321 stainless steels. Minimum initiation 
toughness obtained to date in aged wrought material and weld metal is order 
J\_ 50 kN/m (= K —  100 MPa Vm ). Irradiation could well reduce
this value to 20 kN/m 55 MPa /m).

2.2 Fatigue Crack Growth

Lloyd and Chipperfield (Ref 2) have examined the high frequency fatigue 
crack growth behaviour of Type 316 stainless steel and weldment at temperatures 
up to 430°C including the effects of a sodium environment and irradiation.
An upper bound curve to the air data at 400°C on a range of
material thicknesses (9-25 mm) was found to give adequate allowance for effects 
of both sodium and irradiation for doses up to 6 dpa (N/2). This line is 
shown in Fig. 2.6, following the Paris law,

^  = C A K m ...... (1)dN

12where C =2.62 x 10 and m = 4.17. Cycling is under positive R conditions
up to R = 0.6 and the range of applicability is from a threshold 
value of 3.5 MPa n/in to a maximum value of 55 MPa\/m. The effect
of increasing R ratio beyond 0.6 would be to suppress the threshold but 
probably not significantly alter the position of the curve above the threshold.

3. STRUCTURAL FRACTURE ANALYSIS AND TESTS

3.1 Introduction

In the absence of statistically relevant experience, the strict assessment 
of the criticality of flaws in the core support structures of CDFR using 
the draft British Standard procedure, results in a size of tolerable defect 
below the level which can be reliably detected by available inspection and 
monitoring techniques. Details of the assessment are given later in this 
paper. Amongst other conservative features, the procedure requires the use 
of initiation fracture roughness and the simple addition of residual and 
applied streses. For the welded austenitic steel core support structures, 
no post weld heat treatment would normally be specified and attention has been 
drawn to the dominant role of the welding residual stress in the determination 
of tolerable defect size by this method.

The mechanisms by which residual stresses may influence fast fracture in 
ductile materials are not fully understood. Two broad characteristics of 
welding residual stresses can be identified. These are the long range
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residual stresses produced by the general transverse shrinkage of a weld when 
a plate is welded into a structure, and the short range residual stresses 
caused by the local effects of the thermal cycle and cooling contraction of 
the deposited weld metal. The long range residual stresses are equilibrated 
over a distance typically of plate size, whereas the short range stresses are 
equilibrated within short distances of the order of the plate thickness. The 
latter are of at least virgin yield magnitude and in conjunction with applied 
stresses may cause initiation of a tear at a pre-existing defect. However 
depending on the material toughness the short range residual stresses may 
be incapable of causing unstable crack propagation within their range of 
influence. Moreover addition of applied stress will cause local yielding 
and a limitation of stress, so the residual and applied stresses cannot be 
considered additive in all respects. Long range residual stresses on the 
other hand, are likely to be only a fraction of yield magnitude, but as 
regards fracture, effectively additive to applied stresses. Again the 
residual stresses could be relaxed by yielding if the applied stresses were 
increased sufficiently where the flaw size and material toughness permitted.

There is strong incentive therefore to attempt to elcuidate the influence of 
residual stress, in order to reduce the conservatism of the present method 
of assessment, .and to arrive at more accurate estimates of the integrity of 
the core support structures. Whilst the emphasis of the work has been 
placed on the role of residual stresses it is acknowledged that experimental 
support for methods of prediction of the onset of tearing instability
(e.g. using R-curves) is sparse, and parts of the programme of work in hand
are intended to injrove this situation. The following sub-sections review the 
position reached on aspects of this investigation. ■

3.2 Determination of welding residual stresses

The overall objective of this programme, which is being carried out at the
Welding Institute and Cambridge University, is to prepare a method for
predicting residual stress patterns arising from butt welds in structures 
fabricated from stainless steel plate. In brief, the programme requires 
first, the measurement of residual stresses and distortions in butt welds 
made under various restrained and unrestrained conditions, and, second, the 
development of a mathematical model to predict the residual stresses and 
distortions using as input the welding parameters and run sequence, and the 
stiffness data of the parts being joined.

Typical residual stresses and distortions are shown in Figs. 3.2(1) and 
3.2(2) respectively for unrestrained butt welds. Test welds made under in
plane and out-of-plane restraints are shown in Figs. 3.2(3) and 3.2(4).
The tests are being done maiinly on 50 mm thick AISI 316 plate, with some 
8-16 mm thick. Various positions of manual metallic arc and also submerged 
arc and electron beam welds are being tested.

Distortions and strain changes parallel to the weld are being measured using 
a demountable electrical extensometer which locates in indentations in the 
plate surface. Measurements are made at about six different stages in the 
welding process and surface temperatures and all welding parameters are



monitored continuously. On completion of welding the residual stresses are 
determined by strain gauges and sectioning as shown in Fig. 3.2(5). 
Longitudinal and transverse blocks are machined from the plate. Uniaxial 
strain gauges monitor strain changes caused by freeing the blocks from the 
specimen. Centre-hole rosette gauges are used to measure the stresses 
remaining in the blocks. Equations are then formulated which relate the 
original three dimensional stress distribution on the weld centre plane to 
the relaxed strains and the remaining stresses.

The development of a satisfactory theoretical model for stress and distortion 
prediction is essential to the programme as the number of tests is necessarily 
too limited on their own to enable generally applicable design rules to be 
formulated by empirical means alone. In order to simplify the theoretical 
model, the effects of longitudinal and transverse shrinkage are examined by 
two separate basic models, Fig. 3.2(6). Each model is concerned with the 
steady state welding conditions developed in multipass welds in thick plate, 
incorporating non-linear thermally dependent stress-strain relations. In 
each model the plate is considered to have two regions: a coarse-meshed 
elastic region, away from the HAZ, and a fine-meshed elasto-plastic region 
in the vicinity of the weld. The elements are subjected to step-by-step 
thermal cycles corresponding to the laying of each pass, and must at all 
times obey compatability and equilibrium conditions in the directions of 
interest. The theoretical model is based on an earlier model developed at 
Cambridge and successfully used for calculating stresses and distortions 
in thin carbon-manganese steel plates.

Given that the theoretical model can be successfully completed, the designer 
will carry out an elastic analysis of the structure being fabricated to 
determine the stiffness of the components on each side of the joint. With 
this input together with details of the weld procedure, the model will 
predict the following:

Longitudinal tendon force and stress distribution 
Peak transverse stresses along weld centre line 
Transverse direct stress in plate (away from weld)
Transverse bending stress in plate (away from weld)
Transverse shrinkage across weld 
Rotation about weld axis.

Results of residual stress measurements made on submerged arc welds in 50 mm 
thick plate are shown in Fig. 3.2(7). Specimens IP 1 and 3 had moderate and
heavy in plane restraint respectively, whilst specimens OP 1 and 3 had
moderate and heavy out-of-plane restraints. In the figures, z is the distance 
through the plate thickness, y is transverse to the welding direction and x 
parallel to it. The axial stresses are amaximum on the side where the weld 
was completed,^and remain high throughout the section. The measured peak of 
about 500 MN/m compares with the room temperature proof stress of the weld
metal of 420 to 480 MN/m .

The transverse stresses are tensile at the surfaces and compressive in the 
mid-thi'ckness, except when restraint is high (IP3), and with a peak value of
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200-300 MN/m^ appear to be limited by the room temperature proof stress of 
the parent plate of 240-340 MN/m^. The through-thickness stresses are generally 
compressive, and thought to be a Poisson effect of the transverse compression. 
The distribution of axial stresses on the transverse section of the welds in 
specimens IP 1 and OP 1 is shown in Fig. 3.2(8).

The longitudinal shrinkage of the weld is conveniently expressed in terms of 
a notional tendon force. For thin plates the tendon force was found to be 
approximately proportional to the heat input as shown in Fig. 3.2(9), and 
the same approach has been found to apply also to multipass welds when 
allowance is made for the interaction of successive passes. The transverse 
shrinkage was found to be a linear function of the total heat input per unit 
plate thickness, as shown in Fig. 3.2(10). These correlations encourage the 
belief that attempts to develop a mathematicl model will be successful, and 
towards this end the comparison of measured and calculated weld thermal 
cycles shown in Fig. 3.2(11) has been obtained.

3.3 Computation of crack driving force curves for stainless steel structures 
containing weld residual stresses

The use of initiation of tearing toughness values, when applied with conven
tional fracture mechanics techniques to stainless steel structures 
containing weld residual stresses, would appear to predict very conservative 
allowable flaw sizes. A relaxation of this conservatism can be obtained 
using resistance curve theory, which uses material resistance curves 
determined experimentally with calculated driving force curves, to assess the 
extent of tearing and the applied load at instability.

Of the parameters available in R-curve theory, for the evaluation of driving 
force curves under conditions of moderately large scale contained plasticity 
the J-integral, determined using the finite element method, is the most 
easily applied. Although the equivalence of J to potential energy release 
rate and hence the energy balance of LEFM R-curve theory no longer hold, it 
is widely accepted that the use of the J-integral, based on the characterizing 
property of J for the crack tip, is valid for a limited range of crack 
growth.

In the BERSAFE finite element system the J-integral concept has been extended 
by the introduction of a J*-integral which is claimed to be valid for PYFM, 
thermal strains and unloading.

In the present programme of work the BERSAFE finite element system has been 
used to carry out a plane stress analysis of a centre-cracked plate having 
idealised elastic perfectly plastic material behaviour. One quarter of the 
plate has been idealised into 94 eight-noded isoparametric quadrilateral 
elements locally refined round the crack tip, and 4 isoparametric triangular 
elements with vertices at the crack tip. The mesh has been designed such 
that the crack tip and the mesh refinement around it, is superimposed on a 
standard mesh, thus facilitating the analysis for various sizes of crack 
length.



A residual stress field appropriate to a central longitudinal weld has been 
introduced into the model by firstly imposing a temperature field on the 
uncracked plate and then, by making use of the restart facility in BERSAFE, 
the temperature field has been reversed and at the same time nodes along the 
crack face have been released and forces equal and opposite to those 
resulting from the initial temperature field have been applied at these 
nodes. The temperature field chosen was such that, without a crack the 
resulting maximum residual stresses, which extend over approximately 25% of 
the length of the plate, would be of yield stress magnitude, Fig. 3.3(1).

Thus having introduced a residual stress field and a crack into the plate, 
the plate has been subjected to uniformly distributed longitudinal tensile 
loads along opposite edges, and J*-integral contours have been computed for 
six integration paths for each value of crack length.

Prior to this inelastic analysis the accuracy of the finite element idealis
ation was assessed by determining elastic J-integral values for purely 
mechanical loading and comparing the results with known analytical 
solutions. Elastic values of the J*-integral were also computed with 
mechanical and thermal loadings, the imposed temperature field being half 
the magnitude of the reverse temperature field of the inelastic analysis.

Initial results of the inelastic analysis were compared with the work of 
Ainsworth and Goodall (Ref 4) in which the fracture behaviour of a plate, 
having a region of residual stress of yield stress magnitude and also 
subjected to membrane stress, is examined using the strip yield model of 
Dugdale and assuming that the crack is introduced after the residual and 
membrane stress fields have been established. Comparison with this simple 
model gave reasonable agreement as shown in Fig. 3.3(2). Hence the analysis 
was extended to higher values of crack length. From the limited number of 
results obtained from this work Fig. 3.3(3), it appears that for relatively 
small values of applied stress (less than 25% of yield stress, which is 
typical for CFR strongback structures) and for crack length within the 
tensile residual stress zone, elastic J* values are approximately the same 
as those obtained by treating the residual stress as an additive primary 
stress. For small values of crack length in this region of tensile residual 
stress inelastic values of J* are slightly higher than those calculated 
elastically, but as the crack length approaches the limit of the tensile 
residual stress zone the inelastic values of J* appear limited by the yield 
stress of the material. For higher values of crack length outside the zone 
of tensile residual stress the crack driving force curve, under conditions 
of relatively small applied stress, becomes asymptotic to the analytical - 
elastic solution for a plate containing no residual stresses.

The variation in J* for the six contours chosen for each crack size has been 
found to be + 10% for small values of applied stress. For work not yet 
completed involving values of applied stress up to 77% of yield stress this 
variation has increased to + 15%. However, these results show that for 
moderate yielding the J*-integral is reasonably path independent for practical 
purposes and, if thought necessary, the degree of scatter in J* values could
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probably be reduced by further mesh refinement and a reduction in the 
plasticity solution convergence tolerance (at present 5%).

Thus these preliminary results demonstrate that the model used for the 
computation of driving force curves is producing results that appear reason
able for the cases considered so far. Therefore the model will be extended 
to include appropriate hardening behaviour for both parent and weld metal.
Also long range residual stresses (reaction stresses) will be introduced 
into the analysis. A plane strain analysis of a long surface flaw will also 
be undertaken.

For the final stage of the R-curve analysis, to determine extent of tearing 
and the applied load at instability from which critical crack lengths under 
service conditions can be determined, it will be necessary to establish 
conservative R-curve data for comparison with the crack driving force curves 
that have been computed. Experimental evidence suggests that 3 point bend 
specimens of the same thickness and condition of material give lower R-curves 
than centre-cracked tension plates and therefore could be taken as conservative 
for through thickness cracks. It also appears that an oversquare and heavily 
side grooved 3 point bend specimen would give a conservative R-curve for 
surface cracks in a structure.

3.4 Welded wide plate test programme

This series of tests was conceived as a demonstration on a structural scale 
of the influence of weld residual stresses on fracture of stainless steel.
The plates are 32 in. wide, 30 in. long and 1 in. thick, welded between end 
fittings of the type shown in Fig. 3.4(1). The end fittings are split into 
ten sections, each loaded by a pair of hydraulic jacks and thus ensuring a 
reasonably uniform distribution of end load irrespective of crack length.
Each plate contains a central slit aligned at right angles to the direction 
of applied stress.

Table 3.4 shows the programme of tests designed to examine separately the 
effects of weld metal toughness, welding residual stress, thermally induced 
residual stress, and an attempted simulation of a worst case practical detail, 
namely a T-weld junction. The overall strain in the plate will be measured 
and growth in slit length photographed, as the test proceeds. The first test 
(on the unwelded, solution treated plate) has been performed and whilst a 
full analysis of the results is not yet available, the maximum load corres
ponded to a uniform stress of 387 MN/m^ on the net area or 266 MN/m2 on the 
gross area. The overall extension measured on a 30 in. gauge length 
averaged approximately 0.4 in., giving an overall strain of 1.3%, at maximum 
load. Thereafter unstable tearing took place, the crack taking some seconds 
to traverse one ligament, the other being only half severed at the end of the 
test.



3.5 Programme on effect of residual stresses on tearing initiation

This series of tests has been designed to isolate the effect of residual 
stresses on fracture behaviour. It was recognised that welding was 
unsuitable as a means of generating residual stresses for this purpose 
because the heat treatment required to produce stress free control specimens 
would also introduce changes in toughness and other mechanical properties. 
Moreover welding residual stress patterns are complex and non-uniform through 
the plate thickness. To eliminate these difficulties it was decided to induce 
the residual stresses by means of transient local heating on both sides of 
the specimen over an area small in comparison with the dimensions of the 
test piece. The resulting residual stress pattern takes the form of that 
shown in Fig. 3.5(1) and it is anticipated that the maximum tensile residual 
stress will be of the order of yield stress magnitude for 316 stainless 
steel when the central portion of the specimen is transiently heated to 
around 200°C. In addition the through thickness residual stress distribution 
will be approximately uniform provided the test piece thickness is 
sufficiently small (5 mm).

This procedure for introducing residual stresses broadly satisfies the 
requirements outlined above, particularly insofar as:-

(a) transient heating to 200°C is unlikely to affect significantly the 
mechanical properties of the test material and therefore direct 
comparisons can be made between data from control specimens and 
test pieces containing residual stresses,

(b) by suitable control of the heating temperature and time, a reproducible 
residual stress pattern will be generated and thus permit the 
detection of initiation by multi-specimen R-curve methods.

The dimensions of the test pieces, Fig. 3.5(2), have been chosen such that 
in the absence of residual stress, and at the point of initiation of ductile 
crack extension, the crack length, 2a, plus the extent of yielding, dy 
at either crack tip (i.e. the notional equivalent elastic crack length) is 
wholly contained within the tensile residual stress field. The choice of 
specimen dimensions has been achieved using the plane stress Bilby-Cottrell- 
Swinden strip yield model with lower bound yield strength and upper bound 
toughness.

Each series of tests will consist of a minimum of 6 specimens, in half of 
which residual stresses will be generated, the other half being used as 
controls. The central slit will be introduced at this stage, followed by 
fatigue sharpening at room temperature. Loading will then be carried out at 
test temperature, to develop the multi-specimen R-curve. Measurements will 
be made to permit estimates of mechanically applied J and Crack Opening 
Displacement to be made in each case.
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The suggested tests are as follows:

(i) Tests on solution treated 316 stainless steel at ambient temperature

(ii) Tests on specimens wholly fabricated from weld metal previously
stress relieved at 750°C. Testing to be conducted at a temperature 
of about minus 50°C which, in the absence of residual stresses, pro
vides an initiation toughness similar to that anticipated at
higher temperature following irradiation.

(iii) Tests on c. 20% cold worked 316 stainless steel at ambient temperature 
and at 370°C.

(iv) Tests on c. 20% cold worked 316 stainless steel at ambient
temperature to determine the difference in behaviour observed when 
residual stresses are introduced prior to and following the intro
duction of the central crack.

3.6 Concluding remarks for Section 3

The dearth of directly relevant structural scale test results is no doubt 
in accordance with the lack of experience of service failures in stainless 
steel structures attributable to fast fracture. In planning a development 
programme with the objective of showing that fast fracture from small defects 
is not possible, the difficulty of proving a negative is recognised. The 
wide plate tests may not be considered sufficiently representative of 
structural conditions to be conclusive. Clearly the hot patch tests will help 
to resolve the role of residual stress, and the development of conservative 
R-curves in conjunction with the computation of crack driving force, will 
help to elucidate the wide plate test results. However these are long 
programmes and it is considered prudent to mount a structurally relevant test 
incorporating as many features of the core support structures as can 
conveniently be handled, ahead of the completion of programmes investiga
ting the mechanics of fast fracture. The test under consideration will be 
of comparatively large size with long range residual stresses to maximise the 
stored energy from this source, as well as short range residual stresses in 
the vicinity of the crack tip. With external loading representative of the 
core support structure, it is envisaged that the tests would take the form 
of increasing the artificial flaw size by mechanical means up to a size at 
which failure takes place. Assuming that this work and the programmed 
investigations show that the present basis of defect assessment in as welded 
stainless steel is excessively conservative then there will be a clear need 
to define a new basis for assessment, including the relation of acceptable 
conditions to those causing failure, and hopefully the work in hand will 
permit this basis to be formulated.



4. INTEGRITY ASSESSMENT METHODS

Three routes exist for assessing the integrity of structures. The first 
utilises performance experience of similar structures in service, but for 
high integrity structures a sufficient data base of failure experience 
rarely exists. This is the case for the safety related structures in fast 
reactors. The second involves a complex analysis based on an acceptable 
fracture mechanics technique. Input includes material mechanical properties, 
stress analysis and structural defect analysis both' following fabrication 
and allowing for in-service growth of cracks. For a given structure or 
structural feature, this analysis can be deterministic or probabalistic 
based on the statistical variation of input parameters. Finally, typical full 
size or model structures and/or structural features can be tested under 
typical service loadings or load histories to demonstrate integrity. Loadings 
may be accentuated to cause failure and thus provide a quantitative basis 
for integrity margins. Proof testing falls in this third category but it can 
also be used in conjunction with the fracture mechanics route as a means of 
defining minimum defect sizes where NDE inspection is limited.

The austenitic stainless steels from which fast reactor structures are 
constructed are tough and fabrication by controlled welding can give high 
potential integrity by limiting defects to extremely small sizes. The fracture 
mechanics analysis route therefore has potential for providing a sound basis 
for integrity assessment. However, three problem areas exist. Firstly, 
although weld fabrication defects are small, they are difficult to size 
using existing NDE methods. In thin sections, radiography can be used but 
this method is insensitive to crack-like defects. Ultrasonics, which is 
widely used for ferritic structures, is at present of limited use with 
austenitic steels because of their grain structure, particularly in weldments. 
This limits defect detection by this method to around 10 mm at present 
although techniques are being developed which should improve this. Surface 
breaking defects can be readily detected by dye penetrant or AC p.d. methods 
after fabrication and removed prior to service.

.Secondly, elastic-plastic fracture mechanics methods are not yet sufficiently 
developed to confidently utilise the large tearing resistance inherent in 
austenitic stainless steels. At present it is difficult to justify the use 
of toughness levels beyond tearing initiation, but future theoretical develp- 
ments and experimental test programmes should indicate that initiation 
toughness is an extremely conservative parameter in assessing these structures. 
Finally, the difficulty of weld stress relief in fast reactor structures means 
that high residual tensile stresses of yield point magnitude are likely to 
be present at welds. The realistic accommodation of these stresses in the 
fracture mechanics analysis is a matter of current concern as discussed in 
Section 3 of this paper and other supporting papers.

So, the current position on integrity assessment of fast reactor structures 
is as follows. An inadequate data base of service experience on similar 
structures exists but what evidence there is indicates a very high integrity 
of such structures in benign environments such as sodium. Testing of
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structural features, particularly weldments, is in hand in various countries 
to demonstrate the expected high integrity. Fracture mechanics analyses 
have been performed using tearing initiation data to estimate critical defect 
sizes, making various assumptions concerning residual stresses. The result 
of these analyses are given later but these must be considered in the light 
of the comments in the preceding paragraphs.

4.1 Fracture Mechanics Assessments

4.1.1 Linear Elastic Fracture Mechanics (LEFM)

For materials which fracture with limited plastic deformation at the crack 
tip, LEFM provides a well proven route for determining critical defect sizes 
in structures.. A critical condition is reached when the Mode I stress 
intensity factor Kj for a structural defect under stress attains the material 
fracture condition

K = Y«fVlfa ...........  (2 )

where Y is a function of geometry. As KI(, increases for fast fracture 
resistant materials, larger scale yielding occurs at the crack tip prior to 
fracture and the LEFM method loses its validity. Various post-yield fracture 
mechanics methods have been developed in recent years to provide a route for 
assessing fracture resistance in tough materials such as stainless steels and 
structural ferritic steels.

4.2 Elastic-Plastic Fracture Mechanics Methods

4.2.1 Crack Tip Opening Displacement (CTOD)

As a crack is loaded in a yielding material, plastic deformation at the crack 
tip results in crack blunting by the generation of a finite crack tip 
opening {£). S' provides a useful parameter for identifying a material 
failure condition. At a given value of 8 " ( ductile tearing will occur
at the crack tip as the first stage of potentially unstable crack advance.
For tough materials such as austenitic stainless steels, tearing is stable 
for a considerable amount of craclv, extension following the achievement of

• A draft British Standard (WEE 37, Ref 3) exists based on CTOD which 
outlines a design curve to be used covering both LEFM and post yield regions. 
The curve has the form,



where, £  y is the yield strain O'^' /E

is the total strain estimated in the vicinity of the defect

= / (SCF x <3̂ , ) + C T R_/ E

Cj\ = design stress; C3~I = residual stress.K

*^max = maximum tolerable length of thorough thickness defect.

The curve is empirical but is based on a considerable amount of ferritic 
steel data. It should be also applicable to austenitic stainless steels.

4.2.2 CEGB Failure Assessment Route

An alternative to the techniques based on detailed analysis is provided by 
the CEGB failure assessment route (Ref 7). This enables the defect tolerance 
of a structure to be determined from two independent parameters: (a) Kr, 
the ratio of the elastic stress intensity factor K to the fracture toughness 

and (b) Sr, the ratio of applied load P to the plastic collapse load 
P^ of the (flawed) structure. The assessment route provides a simple inter
polation between the extremes of LEFM failure at K = 1  and plastic 
collapse at S =1. In the intermediate post^yielS fracture mechanics 
regime the in?erpolation essentially provides a plasticity correction to K 
by using S to estimate the importance of crack-tip plasticity. The assessment 
route is simple to use and provides an approximate treatment of crack initiation 
and growth including the effects of residual stresses.

4.2.3 J Contour Integral

This work integral is taken along any closed path between crack faces around 
the crack tip. For elastic material (linear or non-linear) it is path inde
pendent and this also applies for incremental plasticity if unloading is 
discounted. An estimate of J can be made experimentally from the area under 
the load-displacement curve for cracked specimens. J is related to plane 
strain K by,

J = K2 (1 - V>2) ...........  (3)
. E

For elastic conditions J = G but J can also be approximated by Equation (3) 
in the elastic-plastic regime if K is calculated using a plastic zone 
correlation on crack size, cv, . J is related to CTOD ( S’) by,

J = m C* y (4)
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where m is material and geometry dependent and is in the range 1 - 2 .  An 
initiation value of J (Ju ) can be determined from materials tests to 
define the onset of tearing.

4.2.4 Tearing Resistance

Once the tearing initiation condition has been exceeded, crack growth occurs 
by tearing but only under increasing displacement. This may or may not be 
accompanied by increasing load. Experiments can determine a tearing resis
tance curve such as those shown in Figs. 2.3 and 2.5. In order to apply 
R-curves to structures, the issue of constraint must be fully understood to 
assess the relevant load-displacement path during tearing. The J R-curve 
is not a material property but is geometry dependent. The initiation point 
(J L i does, however, seem to be a material property. It is helpful to 
consider the R-curve in conjunction with the structural driving force curves, 
which in the limit can be load or displacement controlled. These are shown 
together in Fig. 4.1 along with a load-displacement curve. In an earlier 
description, Paris (Ref 8 ) defined a tearing modulus, T, which was in 
effect the non-dimensional slope of the R-curve.

Irvine has recently proposed a similar concept to the R-curve as a plot of 
load or stress (o"^g) in a cracked structure vs strain in the structure 
(fe-g). A fracture locus can be defined on such a plot in terms of 
and a toughness parameter such as J .

4.3 Coping With Residual Stress

The problem of residual stress in non-stress relieved austenitic structures 
was mentioned earlier. The elastic-plastic methods currently cope with 
this in various ways. The CTOD method simply adds the residual stress ( CT" ) 
to the applied stress in determining the applied strain & .  This assumes 
residual stress has a maximum sustained effect on fracture development. In 
considering the CEGB failure assessment method, residual stress might be 
thought to affect fracture but not collapse. Various possibilities are 
currently under consideration. Residual stress will affect the J contour 
integral and Goodall and Ainsworth (Ref 4) propose a method for incorporation 
of residual and thermal stresses into J caculations. This■involves the 
introduction of an area integral in addition to the usual line integral.

4.4 Tentative Fracture Mechanics Assessments

Picker has reported estimated critical defect sizes for unirradiated 50 mm 
thick Type 316 plate and weld metal at 370°C based on the CTOD method. 
These assume zero and yield point residual stress levels and an applied 
stress level of 41 MPa. A minimum crack depth of 5 mm is estimated
for a surface breaking,infinitely long crack in 17-8-2 weld metal with 
t3~pj = 179 MPa. The equivalent depth in plate is 14 mm. Lloyd and
Chipperfield (Ref 2) indicate that irradiation may reduce the weld metal 
value to around 4 mm. Darlaston and Griffith (Ref 9) carried out a similar



exercise using the CEGB method with an assumed of 34 kN/m. (This is
similar to the minimum values noted by Picker and Lloyd.) The table below 
shows their estimates.

Flow Defect 
Residual stress of Stress Depth Failure

Case 180 MPa applied to (MPa) (mm) Control

Kr Sr
(a) No No 315 Large Sr
(b) No No 180 Large Kr
(c) Yes No 180 4.8 Kr
(d) Yes Yes 315 2.9 Sr

Again a value of a few millimetres is readily obtained, although the assump
tion of residual stress applicability to Sr in case (d) is very conservative.

It must be stated that the assumptions made in these initial calculations are 
conservative in the way they accommodate O ” and use the tearing initiation 
criterion. Future work on the analytical methods and experimental validation 
are expected to confirm high inherent integrity in fast reactor structures.

5. DESIGN APPROACHES

5.1 Introduction

In this section the philosophy being adopted to ensure the integrity of the 
safety-related structures of CDFR is reviewed, together with comments as p 
appropriate on the role of in service inspection and monitoring. The review 
commences with a brief description of the general arrangement of the primary 
circuit and the loadings and environment experienced by the safety-related 
core support structures.

A proposed design.of the reactor is shown in Fig. 5.1(1) from which it can 
be seen that the core is supported by a strongback composed of 24 radial 
ribs welded to the primary vessel at their outer ends, and to a ringbeam on 
which the diagrid is mounted at their inner ends. The hot pool is contained 
above the strongback by the circular inner tank, and the free surfaces of the 
cold pool (which is contained essentially below the strongback) are confined 
to the standpipes in which the pumps are mounted.

The deadweight loadings to be carried by the vessel consist of 4700 tonnes 
of sodium, the self-weight of the vessel of 550 tonnes and the weight on 
the strongback, including self weight, of 2700 tonnes. The deadweight loading 
remains essentially constant in normal operation. A slight excess of cover 
gas pressure above the guard vessel interspace pressure will result in an
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additional load on the vessel varying from near zero at shut-down to possibly 
300 to 600 tonnes during normal operation. The deadweight loading on the 
strongback varies directly with power cycling between 2700 and 3450 tonnes. 
Further loading conditions which have yet to be fully defined are those 
during construction and also those due to earthquake.

With regard to thermal loadings, the whole of the primary vessel and strong- 
back is located in the cold pool sodium or provision has been made to ensure 
that these structures are isothermal at cold pool temperature during normal 
operation. '

Sodium cold pool temperatures are cycled very slowly between the following 
values:

1. Full power operation 370°C
2. Refuelling 250-280°C once per year
3. Component handling 200°C less than once per year

Under normal operation the cold pool temperature is controlled by boiler 
pressure, with temperature changes occurring at a rate of not more than 
8 °C/min. In the event of a trip of a secondary sodium pump, potentially the 
IHX primary sodium outlet temperature could rise to core outlet temperature. 
It is expected that the transient will be mitigated by reactor trip but work 
to assess the alleviation produced by the sodium pools, and the response of 
the structures, has yet to be completed.

5.2 Design Philosophy

In discussing the design philosophies used to ensure integrity of various 
components of the load line, the following definitions of alternative design 
principles have been employed:

a. Safe Life

A single load path in which stress levels are kept sufficiently low so that, 
during the life of the reactor, fatigue cracks or crack propagation from 
flaws are unlikely to occur.

The analysis requires a precise frachre mechanics assessment to be made and 
also some degree of periodic inspection.

b. Damage Tolerant

This can be considered in two categories:

i) A degree of redundancy achieved by a multi-member integral structure.
In the event of failure of a primary load path, the remaining structure 
continues to carry all the loading within the limits prescribed by the 
design code. By definition therefore, the loading of the structure, 
as designed, is relatively low.



ii) A degree of redundancy achieved by loaded multi-discrete member load 
paths. Because of the presence of discrete members, any one failure 
is confined to only one member and the remaining structure continues 
to carry all the loading within the prescribed limits of the design, 
code.

c. Fail Safe

This is achieved by totally independent load paths so that in the event of 
structural failure, the loading is reacted by a standby structure previously 
unloaded.

The preferred design principle is of coure that generally used for pressure 
vessels, namely safe-life, but this may be denied to the designer at present 
for a combination of reasons. These are, as detailed in earlier sections of 
this paper, the impracticability of stress relieving heat treatment for the 
large site-built structures, the small size of tolerable defect assessed by 
currently established practice in the UK which require initiation toughness 
values to be used in conjunction with the sum of residual and applied stress, 
the relative insensitivity of volumetric flaw detection techniques when 
applied to welds in stainless steel, and the limited access to much of the 
structures for application of in service inspection or monitoring. Ultimately, 
when the work in hand or proposed has been completed, it may be that the toler
able defect size can be re-assessed to such a level that comparatively 
insensitive inspection or monitoring techniques are adequate to ensure safety, 
in which case the safe-life approach would become acceptable. Work is in 
hand also on inspection and monitoring techniques .and developments here could 
also assist the establishment of a safe-life criterion. At this stage we 
do not have the data available to support such a philosophy and therefore the 
present design incorporates a degree of redundancy and will be tolerant to 
some measure of damage. Fig. 5.2(1) shows how this can be achieved.

The main load line is via the primary vessel to the strongback. This part 
of the vessel is in a gas environment and therefore does not experience sodium 
temprature or level changes. The temperature gradient down its length is 
extended to provide a slow transition and minimises thermal stresses. The 
vessel experiences no hydrostatic sodium pressure in this region and the 
differential gas pressure is of very low order. Access is provided for 
inspection devices to examine the o"uter surface of the vessel and ultimately 
it might be possible to claim a true safe-life criterion. For the present 
the design envisages that the pump standpipes would act as secondary supports 
in the event of a failure of the vessel above the point of attachment of the 
strongback. The standpipes provide a connection between the roof and the 
strongback via a thermal expansion joint, the requirement being that the 
connection can withstand the sudden application of load as the expansion gap 
is taken up. There is also a need to demonstrate the strength of the roof 
and strongback to take the modified loading. By these means it is hoped to 
establish a fail-safe criterion for the primary vessel.

The strongback is of simpler design than earlier arrangements of the primary 
circuit demanded, in that interaction with the inner tank has been minimised
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by adopting a circular plan. The strongback is still required to support the 
core, neutron shielding and inner tank, and because the structure is fully 
submerged in sodium making inspection even more problematical, the structure 
is designed to be damage-tolerant. Means of monitoring the load in each of 
the 24 ribs, or, possibly, means of checking the compliance of members, is 
essential to the philosophy. It may be possible to heat-treat a sub-assembly 
of the strongback, consisting of the ring beam and inner ends of the ribs 
thereby increasing the critical defect size and simplifying inspection and 
monitoring requirements.

The connection between the strongback and diagrid is in the form of a single 
line support. Again, as for the strongback itself, it is not thought that 
a safe-life approach will become feasible because whilst it might be possible 
to arrange for access, periodic volumetric inspection is not considered to 
be a practical design objective. But a fail-safe criterion could be claimed 
with some degree of secondary support. A number of secondary support systems 
are being considered and Fig. 5.2(1) shows one where the four pipes 
connecting the pumps to the diagrid are capable of providing some degree of 
support for the core in the event of failure of the connection between diagrid 
and strongback. There is also a further possibility of combining the pipes 
with the pump standpipes and thus eliminating the damage tolerant requirement 
of the strongback and adopting a fail-safe criterion for the vessel, strong- 
back and diagrid support member although this has not been fully evaluated.

5.3 Abnormal Loads

5.3.1 Faulted Conditions

The preceding section has been concerned with the integrity of the core 
support structures under normal, upset and emergency conditions. Because 
the LMFBR operates at essentially atmospheric pressure depressurisation 
accidents do not feature in the safety arguments. Engineered Safeguards 
protect the reactor during normal operation and at shut-down to a very high 
level and therefore very low probability of accident. Decay Heat Rejection 
is straightforward for an LMFBR and this is particularly the case with the 
enormous heat sink provided by the primary sodium of the pool type reactor 
employed in the UK designs. This is fully described (Ref 6 ) but it is 
important to know what 'once off level of temperature1 the core support 
structure can be validated for in order to decide how much time is 
available for the restoration of heat removal. This temperature is tentatively 
assessed at 650°C and for example allows in excess of 24 hours.for the 
restoration of Decay Heat Rejection systems. This temperature needs to be 
confirmed by detailed analysis of the CDFR primary circuit.structures.

5.3.2 Hypothetical Accidents

The probability that the reactor cannot be shut-down and/or the residual 
decay heat cannot be satisfactorily rejected is very low and less than 1 in 
107 years of operation. This is achieved by redundant and diverse systems 
also taking into account common mode failures. Nevertheless the Fast Breeder



Reactor fraternity in the Western World has unilaterally, and for reasons 
not always very clear, chosen to include very low probability so-called 
'hypothetical accidents'; also described as being 'beyond the design base1.
The word hypothetical is used in this context to convey the highly theoretical 
nature of the physics involved in the processes. The uncertainties in core 
melt-out accidents, almost certainly of a pessimistic nature, are large and 
therefore caution is necessary in the overly rigorous treatment from a 
structural point of view; the latter can in any case be done much more 
accurately.

Hypothetical accidents fall into two categories (a) whole core energetic 
melt-down and (b) loss of residual heat removal.

5.3.3 Whole Core Energetic Melt-down

It is assumed that an incident occurs which causes energetic dissasembly of 
the core. The pressures inside the melting core may be in the range of 
100 to 200 bar for a time of 10 to 20 msec.

This pressure is then transferred by expansion to the primary vessel internals 
including the diagrid and core support structure, the primary vessel and 
finally sodium impact to the head or roof of the vessel. The straining rate 
of the vessel internals and the primary vessel is 'of order 10% to 50% per 
second, with total strains up to about 10%. Localised strains such as those 
at the attachment of the core support structure to the primary vessel and 
the connection of the diagrid to the core support have not been determined 
in detail but may of course be higher than those in the vessel. Similarly 
strains in the head or roof of the vessel may locally exceed 10%. It is 
important that these issues be assessed, either theoretically or by scale 
model experiment.

5.3.4 Loss of Ultimate Heat Sink

The time element for remedial action is very long as described in 5.3.1 and 
it is extremely doubtful that heat removal for the UK pool reactors could not 
be restored. A complete and sustained loss of heat sink would lead to a 
major incident due to sodium boiling and tank pressurisation. The course of 
events beyond a temperature of about 650°C would be inevitable and would 
probably be sufficiently dominated by sodium vapour and fission product 
release to make detailed assessment of primary structures unnecessary.

5.3.5 Limiting Strain Levels

For stainless steel structures it has already been suggested that the current 
UK assessment method for the significance of flaws is probably excessively 
conservative, and therefore it may not provide a suitable basis for 
prediction of failure. The programme of work related to the core support 
structures under normal loads is intended to clarify the conditions under 
which failure occurs, and the findings are expected to be equally applicable 
to faulted conditions since the rate of loading is not considered sufficiently 
fast to modify the mechanical properties. At an earlier IWGFR Specialists
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Meeting some indication of the limiting strain in the presence of small 
defects was given (Ref 5) for type 304 stainless steel. Some 22 wide plates 
40 mm thick were tested, welded and unwelded, and the mean failure strain- 
defect size curve shown in Fig. 5.3(1) was obtained. For this material and 
weld procedure the results show, for example, that a long buried defect
0.32 in. (8  mm) wide has a corresponding limiting strain of 15%.

For ferritic steel structures the capacity for absorbing strain appears much 
more limited. As an indication, the tolerable defect parameter a from the 
draft UK assessment method (WEE 37, Ref 3) is shown in Fig. 5.3(1) against 
overall applied strain for a material having a plane strain fracture 
toughness of 100 ksi ^/in (110 MN/m“3/2). Some indication of the conservatism 
of the assessment relative to failure is shown by the shaded area marked 
"predicted critical defect" based on experimental measurements of COD. The 
experimentally determined relation between COD and applied strain has been 
extrapolated beyond 0 .6% strain to give the defect size - failure strain 
curve in Fig. 5.3. The presence and size of defects existing in the structure 
will depend on the sensitivity and reliability of the inspection methods, and 
other factors, but it seems unlikely that the absence of defects smaller 
than say, 0.2 in. (5 mm) could be guaranteed. A failure strain of the order 
of 1% might therefore be predicted for a larger welded ferritic steel structure. 
It is clearly possible to question the application of design codes written 
for normal conditions, to assessment of rare abnormal load events, and there 
is no doubt scope for application of probabilistic methods in assessing the 
likelihood of failure under given accident conditions.
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TABLE 3.4

Test
Number Description Defect Size 

and Location
Residual
Stress

Conditions
Objective

1 Test on 316 SS p]ate 
30" x 30" x 1"

Central slit 
initially 10" 
long

None To determine the 
fracture resistance 
of 316 SS plate and 
the fracture locus.

2 Test on 316 SS plate 
with transverse butt 
weld thermally 
stress relieved

Central slit 
initially 6" 
long in 
centre of 
weld

None To determine the 
fracture resistance 
of SS weld metal and 
the fracture locus

3 Test on 316 SS plate 
with transverse butt 
weld unstress 
relieved

Central slit 
initially 6" 
long in 
centre of 
weld

Weld stress 
possibly of 
yield stress 
level

To determine the 
effect of local 
residual welding 
stress in the weld 
zone

4 Test on 316 SS plate 
with simulated 
residual stresses

Central slit 
initially 6" 
long

Yield point 
local residual 
stress induced 
by heating 
circular area 
at each end of 
slit

To determine the 
effect of yield point 
residual stress 
(tensile) in the 
crack tip region and 
make a comparison 
with test 3

5 Test on 316 SS plate 
with unstress 
relieved T weld

Central slit 
initially 6" 
long lying in 
the down 
stroke of the 
T with one end 
terminating in 
the weld junc
tion

Complex 
residual weld
ing stress

To determine the 
effect of complex 
residual welding 
stress and attempt a 
worst case simulation 
of a practical 
structure
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FIGURE 3.2 (5) Orientation o f longitudinal and transverse relaxation blocks.

36

£ —

A M S #
A/OS' /./*/£#$. p/A!f

Mgsft tp /v n e *  ca»»scT£2>
eLenevrs

ELMTtt 3»uiva*Ay 
fciTHAtvrS

(a) Transverse Uodel

' U Q & / C  c/iesr 
AtSSA

/VCtf Ctrt&Ml Frt£ 

M ES H  O f  W b 6 P £ N a & n r  

' F I O & 6 S  ' (b) Longitudinal Model 

FIGURE 3.2 (6 ) THEORETICAL MODELS



37

6
N

6
N

€
N

OPJ

FIGURE 3 2 (7 ) Stress distributions in restrained specimens.



38

Ee  / \  N/mm?

IP1

*  Side 1 ' 
X  Side 2 
O Mid-plate

UO 30 20 10 10 20 30 M iO 30 20 10 0 10 20 30 iO

FIGURE 3.2(a) Restrained specimens. Above: distributions across the weld o f longitudinal stresses. Below: edge preparations.



8 mm 13mm 16mm 
Manual (but*) • ■ -*

FIGURE 3 .2 (9 ) Variation of tendon force with, heat input of single pass welds 
in thin plates.

39

*
3uACO
>m
9ufr«

/v kJ/mm.

Total Heat Input
FIGURE 3.2 (10) Variation of shrinkage (taken as a negative quantity) 

with total heat input in 50mm thick plates.

0.9o01 0) S3 ■P
u34**
«O.04>K'

FIGURE 3.2 (11) Comparison of measured and calculated thermal 
cycles in 50mm thick plates.



TE
M

P
ER

A
TU

R
E

40

RESIDUAL STRESSES IN UNCRACKED PLATE
(Y IE LD  STRESS S y « 3 7 k s i )  FIG 3 .3 (1 )



FROM AINSWORTH a GOODALL 
J =  1*5 Oy 6  
L -  0 -7 5
(Tapp = 6 k s i ,  O y = 3 7 k s l

X BERSAFE ELASTIC 
O BERSAFE INELASTIC

Residual stress

(Tapp

J* Ib/i

zoo 

180 

160 

140

n 120 

100 

80 

60 

40 

20 

0

— ,------------ »»
ffR = Sy

/ U = Sy f  O af>P = / i5  k s i

y
/ :

/
/

/ a = Sy:= 37 ( s i

f

/ ' !  
f  / / <

7

/ i
r

r
/ /

v
0"ap > = 6 (S I

1 > 

/  A

/
r 1 ‘

/ / /
1it¥
f

1 0 2-0 3-0

'a ' Crack s e m i - le n g th  ins

CRACK DRIVING FORCE CURVE 
t Y lE L D  STRESS Sy = 37  k s i  ) FIG 3*3 ( 2 )

K = L  c  £  ' 
w

X BERSAFE ELASTIC  

O BERSAFE INELASTIC

(Tapp
H  t f ♦ * 4.1ii

i

d
W = 30“ .

H  I i I  TT

CRACK D R IV IN G  FORCE CURVE 
( Y I E L D  STRESS S y = 3 7 k s i ) FI G 3 - 3 ( 3 )
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—--------- Displacement controlled driving force curves
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ELEVATION SHOWING PRIMARY & SECONDARY CORE SUPPORT

FIGURE 5.2(1)
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M A T E R IA L S  RESEARCH R E L A T E D  TO  
LM FB R  S A F E T Y  A T  TH E  JRC ISPRA
Recent results and future plans

H. LARSSON
Commission of the European Communities,
Joint Research Centre, 
ispra, Italy

SUMMARY

This paper discusses the contribution of the JRC Ispra in 
two areas: dynamic material properties and fracture me
chanics. Hundreds of dynamic stress-strain curves have 
been measured on various LMFBR structural materials, 
mainly AISI 304L and 316L, at strain rates ranging from 
10“2 to 500 s'1. At LMPBR working temperature, increasing 
strain rate has little effect on the stress-strain curve 
for virgin material but produces a detrimental effect 
for welded and irradiated materials. High strain rates 
lead in particular to a drastic decrease of ductility on 
irradiated materials. Recent work on fracture mechanics 
has included an experiment on crack initiation and growth 
in stainless steel tubes under violent thermal shocks in 
sodium and an investigation on the fracture toughness 
of AISI 304 and 316 steels irradiated to 2.2 dpa. The 
combined effect of temperature and irradiation on welds 
produced drastic reductions in COD or J at the onset of 
stable crack growth, however the overall behaviour re
mained ductile. Future activities on dynamic materials 
properties will be extended to other parameters: stress 
state, strain and strain rate history, prior damage, size 
of the components . In the fracture mechanics area, new 
investigations on the effect of irradiation on fracture 
toughness, and a work on dynamic fracture mechanics are 
prepared.


