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SUMMARY

The development of new materials and a marked improvement in
existing ones, has been the foundation on which nuclear technology
has been based. However, such rapid improvements have meant the
absence of any really long term experience in the performance of
these materials under the severe operating conditions expected of
thorn. - In the U.S.A. over the past few months, widespread plant
shutdcv-'rss because of cracking problems has produced considerable
public pressure for a reappraisal of the reliability and safety
of nuclear reactors. The awareness oi such problems, and their
solution, is particularly relevant to South Africa at this time.

Some materials problems related to nuclear plant failure are
examined in this paper. Since catastrophic failure (uithout prior
warning from slow leakage) is in principle possible;for light
water (pressurised) reactors under operating conditions, if. is
essential to maintain rigorous manufacturing and quality control
procedures, in conjunction with thorough and frequent examination
by non-destructive testing methods. Although tests currently in
progress in the U.S.A. on large-scale model reactors suggest that
mathematical stress and failure analyses, for simple geometries
at least, are sound, current in situ surveillance programmes aimed
at categorizing the effects of irradiation are inadequate. In
addition, the effects on materials properties and subsequent
fracture resistance of the combined effects of irradiation and
thermal shock (arising from the injection of emergency cooling
water during a loss-of-coolant accident) are unknown. The problem
of stress corrosion cracking in stainless steel pipelines is
considerable/ and at present virtually impossible to predict.
Much of the available laboratory data is inapplicable in that it
cannot account for the complex interactions .of stress state,
temperature, material variations and segregation effects, and
water chemistry, especially in conjunction with irradiation effects,
that are experienced in an operating environment. :



INTRODUCTION

The present era of unprecedented consumption of and growth in
demand- foi? energy has presented the technological society with
Vwide-ranginS energy problem. The forecast for the U.S.A. is
a trebling of demand by the year 2000; and it is much the same
elsewhere. Even aiming conservatively at a world average ot
about A tonnes of coal equivalent per person by the turn of the
century (the present annual U.S. consumption is 11 tonnes
equivalent) this; would mean a world consumption nearly four
times greater than at present. (1)

How can we possiblv meet such needs? Reserves and supply of
oil are beginning to look very inadequate. There is little
scone for developing further hydro-electric sources. Coal is
still plentiful but has become less attractive to mine or to
use. The large scsle use of direct solar energy, or geothermal
sources, still look a long way off. Thus, despite the relatively
minor contribution from nuclear power so far, all this has led
to the general acceptance of nuclear energy as the great hope for
meeting the growing needs for energy over the next few decades.

MATERIALS AND THE MICL2AR POWER GENERATION INDUSTRY

Much of the success cf nuclear power must be attributed to
advances in metallurgy and materials science. Many materials,
such as U anJ uranium""oxice, Pu, graphite, Zr, Mg, Be and Nb are
new or unfamiliar t.o engineering. They have had to be produced,
technically mastered, and used on a large scale. They are
materials often wirh troublesome chemical properties, awkvrard
crystal structures, difficult mechanical behaviour, and some-
times extremely poisonous, as well as radioactive. These, and
also conventional materials such as steels, are called on to
operate under severe conditions of temperature and stress,
subjected to corrosive attack from the working fluids, and
coupled with the intense radiations present. In addition, the
challenge of the best fossil-fuelled stations has exerted
considerable economic influence to raise working temperatures
and pressures, and has strained reactor materials to the limits
of their resistance to radiation, heat, stress and corrosion.

Perhaps a major disturbing feature is that such rr.pid technical
developments resulting from the introduction every few years of
a new reactor model which is expected to run for possibly 30
years has meant that there is virtually no really long-term
experience of the behaviour of materials and' components under
the conditions now demanded of them. This had led to certain
inadequacies in current: design and analytical technique?, as
will be outlined later on. • - " ' , ,
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QUESTIONS OF RELIABILITY AND SAFETY \

There exists at the present time, particularly in the U.S.A.
and Europe,, considerable public disquiet concerning the
possibilities of catastrophic failure of a nuclear power plant.
Thefe views have beeiv exacerbated by a number of factors (2) ,
including ; the British Government's decision against light
water (pressurised) reactors on safety grounds; proven failure
of the mathematical techniques used in the calculation of the
probability of nuclear catastrophes - more reasonable estimates
put the likelihood much higher; the possible ineffectiveness of
existing emergency core cooling systems (ECCS); the large
number of general operating problems and malfunctions resulting
in extensive unplanned downtime; and the most recent discovery
that the U.S. Atomic Energy Commission, according to its ovm
documents, has for at least the last 10 years repeatedly sought
to suppress studies, made by its own scientists, that found
nuclear reactors to be more dangerous than officially acknowledged,
or that raised questions about reactor safety devices.

The establishment of a nuclear power station in South Africa has
highlighted the need for access to both information and expertise
in order to evaluate many of the special problems associated with
nuclear power. A large number of these problems have been ^
materials - related particularly is the area of reliability and \
safety, and it is the object of this paper to review some of
these problems, the current level of understanding surrounding
them,* and the possibilities that suitable solutions are being,
and will be, developed. In view of their particular relevance,
the discussion will be restricted to considerations of the
light (i.e. "ordinary") water moderated reactor systems (LWRg) .

LIGHT WATER REACTORS

Nuclear power reactcrs are- devices for boiling water to produce
steam which then, as in any electric plant, produces electricity
in turbine generators. The necessary heat is produced by a
nuclear chain reaction in uranium fuel situated in the so-called
"core" of the reaictor. The heat produced in the fuel is carried
off in one of several ways, depending on the reactor design.

In the reactor type which is conceptually the simplest, the
coolant, water, is circulated through the reactor core, allowed
to boil in the core itself and the steam taken directly to the
turbines. This is1 the boi.ling water reactor (BWR) . In a
-pressurised water,reactor (PWR) coolant passes^through the core
at a higher pressure ,that prevents boiling. This "primary"

, coolant then gives up its heat in a heat exchanger, or steam
generator, to a secondary coolant, also water, which then boils
to produce steam.
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For both the PWR and the BWR the core pressure is maintained by a
heavy pressure vessel. She pressure ii higher in the PWR than
for any other reactor, and as the extreme system could hardly
sustain a worse accident than the failure of the heavy pressure
vessel (seemingly a very unlikely event) or a major rupture in the
primary coolant loop. At the present time, there is little doubt
that the potential exists for extremely serious damage from such
an accident with the release of a substantial fraction of the radio-
activity in a large reactor's core. For this reason it.,is
pertinent to examine some materials aspects relevant to these two
types of accidents, taken in turn,

FAILURE BY PAST FRACTURE OF A STEEL PRESSURE VESSEL

For a given structure and material, operating at a given stress
level, there exists a critical size of crack, the presence of
which will cause rapid failure to occur in a catastrophic manner.
The magnitude of this cri-ical crack governs the "fracture toughness"
of the material, with the r.ore ductile steel used for the early
reactor types, such as the Magnox reactor, being considerably
tougher than the harder and less ductile steels used for LWRs.
where higher design stresses have to he tolerated.

If the critical size is larger than the vessel wall thickness, then
the crack can penetrate completely through the wall but yet still
be too small to grew sideways as an unstable fracture. A failure
of the vessel due to cracking will then occur as a relatively
harmless and detectable leaking of the vessel. This 'leak-before-
break" principle has beer, a rrost valuable fail-safe feature for
avoiding catastrophic failures of pressure vessels in the past.
For example, out of 12 700 Class 1 pressure vessels reviewed over
a 5-year period by the U.K. Associated Offices Technical Committee,
3 failed catastrophically for reasons attributable to the quality
of the vessels, but over 100 gave early warning by leakage or
visible cracks which were below the critical size. (3)

For ,the LWRs this particular safety feature is not available.
Compared with the Magnox reac-or, for example, where the critical
crack size exceeds 10-inches for a 4-inch wall thickness, the LWRs
critical crack size is much snaller, estimated in the range of 1 to
2-inches in the most highly stressed regions, where the wall thick-
ness is about 15-inchcs. (Kail thickness is about 8-inches in the
main cylinder of the vessel)

For this reason, the security of an LWRs vessel against fracture"
depends on the maintenance of the most rigorous manufacturing and
quality control standards. In addition, it depends on the certainty
of finding, by methods other than by leakage or visual surface
inspection, all those defects which exist dowi to a size
appreciably smaller than that for unstable cracking. •



The ultrasonic echo-sounding technique is now universally used,
with considerable success, for detecting cracks down to as small
as \ inch, i .e . well below the critical sise. However, one
important problem is the implementation of rigorous and effective
inspection procedures, carried out on a regular basis, in order
to eliminate any possibility of cracks, initially too small to
be detected, or which were missed during previous inspections,
growing to critical size daring the operating lifetime. At
present, there is a considerable discrepancy between the various
codes of practice applicable to commercially available LWRs
regarding inspection procedures.

The mathematical analysis leading to estimates of the critical
crack size are now fairly well established, at least for low
stresses in geometrically simple regions. However, in more
highly stressed areas having more complex geometries, for
example, around nozzles, these more straightforward estimates
using fracture mechanics no longer rigorously apply, in the
thicker sections *; large additional self-distortion stresses,
due for example to temperature differences, can exist. All this
implies an irea,of additional uncertainty in the estimates of
critical crack size.

Support for, the theoretical calculations can be found from the
data available fipmSproof testing, and through the results of
the U.S. research programme on Heavy Section Steel Technology
(HS^T). "f::;'' '_ _ -'•-•

In the first case, a proof test at 125 per cent of the design
pressure should reveal any weaknesses which might be critical
early in the life of the vessel, although such a test is not
necessarily more severe than the operational conditions provide
because these induce large temperature difference stresses. In
addition, acoustic emission surveillance methods during proof
testing (as well as continuously during operation) are showing
considerable promise and until the current efforts being made
on the development of this technique, it is likely to become
more and more of a useful non-destructive testing tool
complementary to other methods.

Secondly, tests at th«. Oakridge National Laboratory on model
pressure vessels (up to 4 feet in diameter and 6 inch wall
thickness) using pre-cracked slots and tested to destruction
have found for example that flaws up to 8 inches long and up to
half of the v̂ all thickness can tolerate up to 3 times the design
pressure before failure (4). It is expected that the results of
tests carried out to provide information about the effect of a
slot near a nozzle will soon become available.



All these large scale tests have been carried out at
temperatures between 130 and 200bF. Any;errors involved,
therefore, should err on the consetvatiye side since at the
typical operating- temperature of 55O°F there is less propensity
for unstable fracture. However* at the present time it is much
less certain what effect would result from the toughness and
residual stress gradients induced by thermal shock arising from
the injection of emergency cooling water during a loss-of-coolant
accident, particularly on material that has been subjected to
intense radiation.

Marked reductions in the critical crack size for catastrophic
failure could result from these combined effects. A programme
has just recently been instigated in the United States to
examine this problem.

This leads on to one of the most important features governing the
continued integrity of pressure vessels # nameilyt;the degradation
of material properties during operation;by irradiation effects.
Perritic pressure vessel steels gradually become; less tough when
exposed to nuclear radiation, so that; at: a givenx stress level the
critical crack size for unstable crack propogatipn becomes
p r o g r e s s i v e l y s m a l l e r . •••'•••• V .,~.i-': ''''••'•Of'' '.•/"'' '•

Each in-service reactor is required to carry out a "surveillance"
programme whereby snail samples are continuously exposed to
irradiation and ther. periodically tested to determine the loss
in fracture toughness. However, because of the size factor
involved, the test specimens are necessarily of small dimensions
and the fracturetoughness is determined by a somewhat devious
route involving a broad' band correlation With thfecorresponding
change in the specimen's "nil ductility temperature". A major
criticism of this r.ethod is that there is a high chance that the
mode of fracture in the small specimens will be entirely different
from that likely to occur across the large thickness in the :
pressure vessel itself. For this reason there is currently
considerable pressure on the authorities in the U.S.A. at least,
for a major re-think of surveillance programmes. (5).

Finally, the light water reactors have a further basic material
problem in terms of corrosion of the circuit, since they use
ordinary water as the heat transfer fluid. Excessive corrosion
product would clog the heat transfer surface on the fuel element
and increase the clad temperature, thereby exacerbating the
consequences of the poor creep properties of the- zircalloy which
presently limit the operating temperature. (9)

Circuit corrosion is minimised by stainless steel cladding welded
onto the inside of the pressure vessel. This raises problems
because the heat treatment needed to fabricate the pressure
vessel successfully "sensitises1-1 the stainless-steel to stress
corrosion.. There have been a number of cases during construction
but to date it seems to have been avoided during operation.



Not so, however, with stainless steel piping, sensitised by the
welding process, as the .following section will illustrate,

FAILURE RESULTING FROM ft LOSS-OF** COOLANT ACCIDENT

Haying briefly considered sovae of the factors relating to main-
taining the structural integrity of the main pressure vessel, we
now consider perhaps a mere likely mode of catastrophic failure,
i.e. that resulting from a loss-of-coolant accident.

•The potential for such ar. accident has been more fully realised
over the last few months with the discovery of substantial numbers
of cracks in stainless steel coolant pipelines. (2)

The major cause of crackinc is considered to be stress corrosion
associated with welds. However, the situation is extremely
complex and it seems evident that whereas "classical" stress
corrosion may be responsible for the initiation of cracks, their
continued propogation cin |n pany cases arise from a fatigue
component in conjunction 'with ordinary stress corrosion cracking.

Two major problem areas inay be defined. (3
Firstly, SCC is a statistical process and it is virtually
impossible to predict how long a particular weld will take to
crack. Relatively small (and difficult to evaluate) changes in
stress state or environment, for example, can produce times to
failure which vary over several orders of magnitude.

Secondly, many, and perhaps inost, previous laboratory research
programmes are not directly applicable to current in-situ
problems. At the present tirr.e, for example, there is little,if any,
available information on : the effect of temperature or pH on
intergranular SCC; the difference in stress-corrosion
susceptibility of stabilised compared with non-stabilissd stain-
less steels; the effect cf new steel making techniques on stress-
corrosion susceptibility; the effect of minor elements, for example,
S and F, on SCC.

The four main lines of "defence" which are currently being
instigated in the U.S.A. are : (6)

' (1) repair the cracks and hope that no more will occur
and rely on constant vigilance;

- (2) improvement of the welding procedures and a
reduction of residual stresses;

(3) improvement or even replacement of the materials used -
e.g. stabilised versus non-stabilised steels, or even \>
the use of high nickel alloys (although these have also
been recently shown tc be susceptible to SCC to some
extent); r -
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(4) further lowering (i.e. below .02 ppm) of the oxygen
concentration in boiling water - oxygen scavengers
are required which are not damaging in other ways.

Assuming then, that the failure of the coolant pipeline is a
possibility, what are the likely events to follow?

In normal operation of a LWR , the heat generated by the
fissioning nuclei in the reactor's core is carried off by the
high pressure cooling water circulated between the fuel rods.
The heat is generated not only by the fission itself, but also
by the radioactive decay of the fission fragments and nuclei
which have been made radioactive as a result of neutron
capture. So, even if the fission process is turned off - and
that happens automatically in an accident when the cooling
water is lost , since the water also serves as a neutron
moderator - the core still generates a great deal of heat
because of its residual radioactivity.

If the reactor core were to remain uncpoled, there is
sufficient radioactive heat generated;to allow it to melt
through the pressure vessel and the concrete floor of the con-
tainment building and down through many feet of rock. Along
with this is the possible release of lar«e amounts of radio-
activity to the environment. For this reason, it is essential
that the emergency cooling system (ECCS), designed to flood
the core with cold water should the main coolant lines fail,
should function adequately.

Here then lies one of the great contentions of the moment -
i.e. will the ECCS, if required, function effectively?
As mentioned earlier, there hangs a large question mark over
this point, particularly in the U.S.A. (2,7) The reliability
of these systems is in all cases "assured" rather than
demonstrated, and for certain kinds of credible accident there
appears no documented evidence whatsoever that the "ECCS will in
fact prevent a major discharge of radioactive material to the
environment-

In the Spring of 1971, a series of scale-model tests of ECCSs .
were conducted at the U.S. National Reactor Testing Station
(NRTS) in Idaho, under the auspices of the U.S. Atomic Energy
Commission in order to verify the computer programmes on which
the ECCS of installed power reactors had been designed. However,
the tests did not go as the computer programmes had predicted
and"instead of cooling off the reactor core, the emergency
cooling water was swept away by the escaping steam out of the
same pipe break through which the original cooling water had
escaped. The U.S. Nuclear Regulatory Commission (formerly the
AEC) is proceeding with a much more elaborate series of tests
which are now scheduled to climax with actual ECCS tests in a
small reactor beginning in 1976 (7).



One of the most disconcerting features of late concerning the
reliable functioning of the ECCS, has been the most recent in
a series of shutdowns in the U.S. reactor plant? because of
through-wall cracks found in the static (no-flow) lines of the
ECCS (2) .

On January 29th of this year, 23 of the U.S. nations 52 nuclear
power plants were ordered to shutdown to search for cracks in
emergency cooling system pipes. This followed the "accidental"
discovery of 5 cracks which had penetrated through the H-inch
wall of a 10-inch 316 stainless steel pipe, while looking for
other cracks in 4-inch lines. The breaks had remained
undetected because the magnitude of the leak was less than
5 gal/min, which is the level required to operate the
"unidentified leakage" emergency control.

The "official" opinion of the manufacturer is that, since the core
spray loops are always full of water under pressure during
normal operation, any loss-of-coolant accident would not subject
the pipes to any extra stress, and they would function normally,
even in the presence of these sorts of cracks. The more widely
accepted opinion, however, is thit any such accident would
involve considerable additional stresses, particularly due to
vibrations. This shock to the whole-reactor system could well
result in a break of these pre-cracked core-spray lines, thus
preventing a 1-irge portion of the emergency coolant from reaching
the overheating fuel.

At the time of writing, no conclusive opinion concerning the
origins of these cracks has been made. Since these cracks were
all found in the heat-affected zone around welds, stress corrosion
cracking is still thought to be a major cause, as discussed

In summary, stress corrosion has been a recurrent problem in the
nuqiear^industry for the past fifteen years. It has delayed
plant start-ups, caused extensive downtime, and proven expensive
in terios of; lo^t power, equipment repair, or equipment replacement,
in-Parfei.Gular/; the environmental conditions unique to an operating
reactor"•can' greatly influence susceptibility to stress corrosion
cracking^ 'The'-effects of gamma and neutron radiation are
specifically of interest as they directly affect the
susceptibility of the structural materials, or as they modify the
coolant. More technical details can be found elsewhere. (10,11)
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CONCLUSIONS

It has been remarked that all technology is aF/austian bargain :
one obtains conveniences and sometimes luxuries, but in exchange
one gets an increased potential for catastrophe. The more
successful a technology is,the more we come to depend on it and
the higher the stakes become. (8)

In the face of the problems associated with other energy sources,
on a world scale, it would be just as foolish to insist on zero
risk from nuclear power as it would he to tolerate unecessary risk.
However, as has been mentioned, the potential does exist for
extremely serious damage from nuclear power reactors; the release
of substantial amounts of radioactivity could be devastating.
Doubts about safety may in fact necessitate some downrating and
destroy its marginal economic advantage. For this reason, it has
been the object of this paper to point out certain of the factors
pertaining to the safety"and reliability of nuclear power plantsf
particularly from the materials aspects, in thie hope that the
maxim t "forewarned, forearmed", may be heeded. Some conclusions
Which may be drawn are as follows : # v t

(1) The very raoid developments in materials in nuclear
technology that have taken place, together with continued
improvements that are being made; has meant that no
really long terw experience is available regarding the
response of these materials to complex combinations of
stress and environment over the extended operating life-
time for which they are expected to function.

(2) For a given material and structure under a certain
operating stress there is a critical slate of crack or
defect which will produce failure by rapid fracture.
In light water reactors, this critical crack size is
considerablv smaller than the main pressure vessel wall,
so that the""leak-before-break" safety feature is not
available.

(3) For this reason it is essential that :
(a) rigorous manufacturing and quality control

procedures are maintained in order to
minimise the possibility of any such
critical defect being present; and

(b) frequent and thorough examination of the
vessel must be made by non-destructive
testing, typically the ultra-sonic method.
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(4) Mathematical stress and failure analyses give good
agreement, with Inrgfc-t-ale experimental tents, at least for
simple geometries, Hov;ever, errors are possible in regions
of more complex geometry, especially where additional self-
distortion strokes exist, e.g. due to temperature
differences.

(5) The effects of: (h e r mal shock from emergency cooling water
in a loss-of-cc>oiant accident, combined with degradation in
a material's resistance to fracture due to irradiation/ are
not well understood. The further scientific investigation
required has rocontly been instigated in the U.S.A.

(6) Current survein, ; n c e programmes investigating the effect of
irradiation on material properties are inadequate. Because
of the size factor involved, the likely mode of fracture in
thick walled vcv,:;eis cannot be reproduced in the form of
small specimonts currently in use.

(7) Stress corrosion cracking in rocions close to welds appears
to be the major factor leading to the high number of
failures being roport^.d in stainless steel coolant pipelines.
Most existing laboratory data is inapplicable to in-situ
operating conditi o n s because of the complex combinations ?f
effects such as : stress state (including residual stresses),
temperature, water chemistry and small alloy variations.
As a consequence, the time to failure of a given component
in general may \\i r v over several orders of magnitude.
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