UNIT-5 HIGH TEMPERATURE MATERIALS CHARACTERIZATION

Classification, production and characteristics — methods and testing — determination of mechanicaland
thermal properties of materials at elevated temperatures — application of these materials inthermal
protection systems of aerospace vehicles — super alloys — high temperature materialcharacterization.

HIGH TEMPERATURE MATERIALS

Materials operating in service at elevated temperatures are relevantto many processing and
productive industries and hence provide an illuminating example of the desirability for materials
research to be carriedout with a broad view of the ultimate applications of the product, ratherthan
in concentrating on the satisfaction of a single requirement. Nevertheless in the final stages of
development of a material the detailedrequirements of each potential application must be
considered. Closecooperation is therefore demanded between, on the one hand a research
organisation with a wide understanding of the basic sciences involved andthe production and
application problems arising in materials technology,and on the other hand the designers and
development engineering engagedin individual industries.

The extent of interest in high-temperature materials can be appreciated by considering the main
fields in which they are used.

High temperature materials application in various industries as follows
High-temperature steam turbines

Oil- or coal-fired steam turbines provide the majority of power generation in the world, using
maximum steam temperatures close to 600"C.In the steam-raising plant certain components
reach higher temperaturesand may be subject to severe erosive and corrosive attack; critical
components are super heater tubes and tube supports. Piping and valves conveying steam from
boilers to turbines are highly stressed and may alsosuffer steam erosion. In the turbines the
casings and casing bolts are highlystressed due to the steam pressure, while the rotors, blades and
nozzleshave imposed stresses due to centrifugal forces, gas pressure and thermalchanges.

Nuclear reactors

In all types of nuclear reactor high-temperature material problemsarise with the fuel cans due to
stressing by fuel expansion and to corrosionby the coolant. The majority of nuclear reactors at
present operating,whether water cooled or gas cooled with carbon dioxide, generate steamat
relatively modest temperatures in the range 300-400"C
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Aircraft and Space Vehicles

The aircraft gas turbine provide the main stimulus for the development of modern superalloys,
the term used to describe materials resistantto creep and fracture at temperatures in the range
700-1100°C. The alloyswere originally required specifically for stator and robot blades to
resistthe high centrifugal or thermal stresses imposed on the blades, but withprogressive increase
in the severity of operating conditions similar alloysare now used for other gas-turbine
components including discs, combustion chambers, casings and tail pipes. The aircraft gas
turbine is likely toremain the primary application of the most advanced superalloys or
competitive high-temperature materials.

The rocket motor for space travel has led to severe problems in hightemperature materials
technology. The high temperature and velocity ofthe exhaust gas generates high thermal stresses
and erosive action; refractory metals, particularly tungsten, and special forms of graphite have
beenused to resist these satisfactorily, even though the required life may berestricted to a few
minutes. Similar problems arise with re-entry vehicleson account of aerodynamic heating, and
these have led to the developmentof special refractory ablative tiles or coatings.

Marine

Merchant shipping mainly relieson the diesel engine in which a number of critical components
are subjected to severe mechanical or thermal stresses and corrosive attack at high temperatures.
The highest temperature (about 800°C) is reached in pre-combustion chambers, but closely
similar temperatures may be reachedin exhaust valves, associated with high mechanical stress.

Chemical Industry

A wide range of chemical for the conversion of feedstock, from theoil industry or elsewhere, into
required products, involve treatment atelevated temperatures and often at high pressures. The
systems consist of the reactor tubes,which typically are 12-15 m long and 100 mm bore with a
wall thicknessabout 20 mm, which are connected by smaller bore "pigtail™ pipes to aheader and
hence to transfer piping. Welding is an essential operation inthe construction of such plant. The
operating temperatures of the equipment may rise to 950-1050°C.

TYPES OF HIGH-TEMPERATURE ALLOYS

The metallic materials used for high-temperature purposes rangefrom the simplest plain carbon
steels to the scarce and expensive metalsof the platinum group, but they can be categorized into a
few distinctivegroups based on composition and structure. Typical compositions of
representative alloys of the main groups are given in Table I and the principal characteristics of
the structure and properties are indicated in thefollowing sections.
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Irons and Steels
Castirons

Conventional cast iron has been used for many years for grates andburners of combustion stoves,
but progressive internal oxidation following the path of the graphite flakes leads to growth and
distortion. Thiscan be overcome by the use of austenitic cast irons containing nickel atlevels up
to 20 or even 25 per cent together with chromium and silicon,and these materials find application
in combustion and heat-treatmentequipment where stresses are not high but corrosive and erosive
conditions are severe. They are serviceable at temperatures up to about 750°C.

Ferrite steels

Plain carbon and low-alloy steels are serviceable at moderate stressesat temperatures up to about
500°C but scaling due to oxidation limitstheir life at higher temperatures and the strength, in
terms of creep resistance, falls steeply at temperatures above 400°C. The scaling resistance
isimproved by additions of chromium, usually in the order of 12 per cent,and strength by
carefully balanced additions of molybdenum, niobium,vanadium, etc., so that there are many
proprietary steels offering highstrength and serviceability at temperatures up to about 600°C.
Such steelsare used for critical components, such as blades, in steam turbines.

Austenitic steels

These steels contain levels of nickel and chromium which are sufficient to stabilise the face-
centred-cubic or austenitic structure at normaltemperatures and to confer high corrosion
resistance and, in general, goodductility. They range in basic composition from the simple 18
chromium,8 nickel alloy normally used in the wrought form for a variety of corrosion-resistant
applications, to 20 chromium, 35 nickel alloys used formoderately-stressed components in power
plant. Many varieties of thisbroad class of alloy are commercially available with additions of
molybdenum, manganese, titanium, niobium, etc. and with carbon up to about 0.5per cent, to
confer paarticular characteristics of strength or corrosionresistance. Most are used as wrought
products but certain compositionsare particularly chosen for use as castings.

Nickel-chromium Alloys

There is no structural difference between the basic austenitic steelsreferred to above and the high
nickel alloys containing up to 80 per centnickel with smaller contents of iron. Such alloys,
typified by 60N1, 24Fe,16Cr; 76Ni, 8Fe, 16Cr and 80Ni, 20Cr, are widely in use, for their
oxidation resistance at high temperatures , as electric heating clement and furnace parts and
depending on the details of composition may be serviceableup to 1150°C.
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Superalloys

This term has been adopted for alloys specifications developed tohave high strength at
temperatures in the range 700-1100°C. The alloysmay be based on iron, nickel or cobalt, and
normally require 15-20 percent chromium to ensure satisfactory oxidation or corrosion
resistance.The high strength is developed by the precipitation or dispersion of fineparticles
throughout the matrix, usually by additions of titanium, aluminium or carbide-forming elements.

Iron-based superalloys

These alloys are developments of austenitic steels with nickel contents in the range 20-40 per
cent, chromium contents usually 15-20 percent and sometimes with additions of cobalt. The
strengthening precipitate is mainly the intermetallic compound y' formed from additions
oftitanium and aluminium, but strength may also be conferred by carbidesor nitrides of niobium
or vanadium.

Nickel - based superalloys

The additional of small proportions of titanium and aluminium tothe 80Ni-20Cr oxidation -
resistant alloy produced the first of the nowlarge family of nickel - base superalloys. The
strengthening precipitate isthe intermetallic compound Ni3(Ti,Al) termed y', while the fracture
resistance is promoted by grain-boundary precipitates of carbides. In themany alloys now in this
group additions of cobalt, molybdenum or tungsten may be made to the matrix, while smaller
additions of niobium,zirconium, boron and other elements control and modify the characterof the
precipitates. Such alloys provide the most advanced superalloysrequired for the rotor blades of
gas turbines, while other alloys of thefamily are adopted for other gas - turbine components and
for highlystressed applications in many engineering fields. Most may be used aswrought
components but the most highly developed are used in the vacuum -- cast form.

Cobalt-based superalloys

Hardening by y' precipitation has not been applied successfully tocobalt-base alloys, but carbide
precipitations using stable carbide formerssuch as niobium, tantalum and vanadium can give
attractive high-temperature strength, and this, combined with their ready castability, has
causedthe alloys to be used in many applications in gas-turbine technology.Cobalt-base alloys
are also prominent in the field of corrosion- andwear-resistant high-temperature materials. In
these the corrosion resistance is conferred by chromium contents in the range 20-30 per cent
andwear resistance is developed by large proportions of carbides formed fromadditions of
molybdenum, tungsten or niobium with carbon contents upto about 2 per cent. These alloys are
mostly used in the cast form, eitheras shaped castings or as weld-deposited coatings on other
materials, andfind applications as furnace parts in the metallurgical industry and asprotective
coatings on valve seats in internal combustion engines andvarious parts of steam turbines subject
to steam erosion.
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Refractory Metals

The metals with melting points above 1800"C have, as would beexpected, high strength at
elevated temperatures, but the commoner refractory metals, viz. molybdenum, tungsten,
niobium, tantalum and vanadium all form volatile oxides, so that they cannot be used for long-
timeservice in oxidising atmospheres without a protective coating. No alloyingelements have
been found to form a self-protective scale so that hightemperature applications of these metals
have been restricted to shorttime (e.g. rocket nozzles) or non-oxidising atmospheres (e.g. lamp
filaments, vacuum furnace elements, etc.). Alloys based on these metals havemainly involved the
addition of small proportions of reactive elements ordispersed oxides to act as grain-growth
restrictions o maintain ductility.

Other Metals

The metals of the platinum group and alloys formed from them, inspite of their scarcity and high
cost, are important high-temperature materials used for thermocouple wires, glass-melting and
working equipment,crystal-growing crucibles, aircraft spark plugs etc. Other metals with
highmelting points, e.g. chromium, titanium, are important alloying constituents, but their high
reactivity inhibits their use as a matrix for usefulhigh-temperature alloys.

METAL AND ALLOY PRODUCTION AND USAGE

The problems arising in the use of metallic materials in high-temperatureengineering range
throughout the full range of the science and technologyof metallurgy, from the mining and
extraction of the virgin metalsfrom their ores to the study and investigation of components in
serviceand the analysis of failures. In all these areas there is scope for researchand development
action aimed at improving the serviceability or economicsof the products.

Mining, Extraction and Refining

The provision of adequate supplies of the constituent elements of analloy in a suitable form and
of satisfactory purity is an essential first step.Since the natural occurrence of the element in the
ore deposits is often ata low level (less than | per cent) and at regions of difficult access
inpolitically unstable or antagonistic countries, problems of transport,energy availability,
manpower and economic balance arise, and may playan essential role in the section of the most
suitable procedure.

The major steps in the recovery process are:

(@) Mining: the deposits may be near the earth's surface and recoverableby open quarrying, or in
deep mines; they may be soft, sothat they can be dealt with by mechanical shovels or drags,or
hard, needing explosives to break up the rock.
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(b) Beneficiation: to separate the desired ore from the unwanted gangueor waste rock, methods
vary from hand-picking to sophisticatedmagnetic or grind the ore to a fine particle size, andfor
flotation methods, to treat with surface active agents toselect the ore form the gangue.

(c) Roasting and reduction: depending on the composition of the ore itmay need roasting to
convert to oxide, for example by expulsionof sulphur dioxide. The oxide is then reduced to
crudemetal by thermal treatment using carbon or hydrogen as thereducing agent.

Alternative processes now being more widely used arehydrometallurgical in character and
involve the solution ofthe ore in chemical reagents and the reprecipitation ofselected compounds
of the required metal, which then providethe feed material for subsequent reduction.

(d) Refining: the crude metal will normally contain appreciable quantitiesof other elements and,
particularly for the manufactureof high-temperature alloys, these may be deleterious to
theproperties of the final alloys. Refining is therefore necessaryand may be carried out by
processes such as chemical solutionand reprecipitation, electrolytic deposition, vaporization,etc.
While the processes may be genelalised in characterthe details must be specifically developed for
the metal inquestion.

In addition to the supply of primary metal by the processes outlinedabove, significant
contributions to the current industrial demands aremade by recycling used materials -so-called
secondary metal. For mostmaterials secondary metal is used for lower-grade products in which
somecontamination can be tolerated, but with the possible future reduction orexhaustion of
primary supplies and the consequent increasing costs, theneed for improved recycling procedures
is apparent. The system currentlyused for the precious metals provide a basis for extension to
other metalsas the economic or supply situations justify it.

The process of recovery of metals from their ores and the provisionof them at the site of
application is highly energy intensive and consequentlyvery careful study of the energy
consumption at all stages, includingtransport, is necessary to ensure the most economical
process.

Development of Alloy Composition

Most current high-temperature alloys have been developed by essentiallyempirical methods over
a period of years, but parallel studies of abasic scientific nature have provided guidance as to the
effects of compositionand structure on mechanical properties. Studies of the mechanismsof creep
and fatigue in pure metals and single- and multi-phase alloys,have all contributed to an
understanding of the way in which compositionaffects properties, and have enabled the alloy
developers to improve theirproducts by the adjustment of contents of the major constituents, by
theelimination of injurious contaminants, and by the addition of trace elementshaving a
beneficial effect on structure (e.g. boron and zirconiumin the effects on grain-boundary
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structures and o yttrium on protectivescale formation). Continuing research of this nature is
therefore essentialto support and stimulate metallurgical developments of all types.

Alloying and Consolidation

The primary metals may be supplied in a variety of forms rangingfrom cast pigs to powder and
either as nominally pure metals or as intermediatealloys (e.g. ferro-alloys for the production of
alloy steels or ironbasedalloys). The conversion of these to the required alloy compositionusually
involves remelting under carefully controlled conditions to minimize contamination by unwanted
elements. High-temperature alloys areconventionally, and still to a large extent, melted in
electric arc or inductionfurnaces open to the atmosphere but under a cover of a protectiveslag.
The slag is chosen to minimize atmospheric pick-up (both oxygenand nitrogen) and also aids in
the removal from the melt of unwantedlow-melting-point elements. For the more advanced
superalloys,however, air melting is inadequate, and improved techniques have beenadopted.
First, electro-slag refining, in which an air-melted alloy is castin the form of suitable ingot
electrodes and then remelted by electric arcunder a complete cover of reactive slag; further
refining takes place in themolten pool and progressive solidification gives an improved structure
tothe ingot, aiding subsequent hot working. Second, vacuum refining orcomplete vacuum
remelting, usually by induction methods, enables atmosphericcontamination to be eleminated
and reduces the content ofunwanted volatile constituents. It has been established that even very
lowcontents of some elements (e.g. lead, silver, bismuth) measured in a fewparts per million are
detrimental to high-temperature properties of advancedsuperalloys.

The molten alloy, adjusted to the required composition, may be castinto ingots for subsequent
hot working or into bars for remeltingforcastings, but, particularly for larger components such as
rotor discs forgas turbines, the ingot structure may be too segregated and coarse grainedfor
satisfactory forging or to give uniform properties. The alloy maytherefore be blown by inert gas
to produce an alloy powder for subsequentconsolidation. The powder may be pressed to form in
shaped diesas in conventional powder metallurgical techniques, but for critical componentsin
advanced high-temperature alloys is more likely to be hotisostatically pressed. This involves
enclosing the powder in an evacuatedmetal container and hot pressing using an inert gas as the
pressure medium.A very uniform fin-grained compact is thereby obtained, suitablefor further hot
working.An additional advantage of the powder route to consolidated materialis that dispersion-
strengthened alloys are readily produced. In such materialsfinely dispersed stable non-metallic
compounds, usually oxides, areincorporated to the extent of a few per cent by volume, and
provideadditional strength at temperature higher than those at which intermetalliccompounds are
effective.

Working with material
The consolidated material in the form of cast ingot or pressed powdercompact is now required to
be shaped to be an intermediate form fromwhich the final component is to be machined. Hot-
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working processes arenormally used and these serve to break down the coarse grain size
andsegregated structure of the ingot, thus improving the uniformity of propertiesof the material.
Hot working may be by hammer or press forging,extrusion or hot-rolling, and the conditions of
temperature, deformationrate, lubrication, etc., need to be separately developed for each
particularmaterial and for the form of product required. Some products such assheet, tube and
wire require further stages of cold working which againrequire careful development to ensure
that a satisfactory and consistentmaterial is obtained.

The more advanced high-temperature materials are not workableeven at temperatures close to
their melting points, and hence must be castto form. Precision casting by developments of the
lost-wax technique areused, and to avoid atmospheric contamination may be carried out
entirelyin vacuum. Improvements in pattern production, moulding, melting andpouring
techniques all contribute to advancement of this art in hightemperaturematerials technologies and
may be expected to be applicableto other metallic materials.

Machining

The conversion of intermediate forms to the required final shape ofcomponent involves
machining of the material. The hardness, and in generalrapid work-hardening characteristics of
high-temperature alloys,make this often a difficult process and although conventional high-
speedsteels and sintered carbide tools are widely used, alternative methods arebeing sought and
brought into use. Spark machining and electrochemicalmethods are already established and other
high-energy methods, such asthe use of lasers, electron beams and ultrasonics are of interest.
Continuingresearch on this topic can yield benefits to many fields of engineeringproduction.

Heat Treatment

The properties of high-temperature alloys are critically dependent onthe metallurgical structure
developed by controlled heat treatments,which may be carried out before or after machining to
final form. Thetreatments often need to be effected in controlled atmospheres or environmentsto
avoid detrimental surface reactions, or to produce surface layerswith improved mechanical or
corrosion-resistant characteristics. Heattreatments may also be designed to minimise internal
stresses or, in specialcomponent shapes to develop favorable stresses to combat the initiationof
fatigue failures. The study of heat treatment and its association withcontrolled mechanical
deformation is a fruitful field of investigation forall metallic materials.

Joining

Particularly for larger complex installations such as boilers and petrochemicalplant, the
individual components must be joined togethereither by dismountable mechanical joints or by
permanent or semi-permanentmethods. Welding is the most widely used permanent
joiningmethod and for the less ductile of the high-temperature materials difficultiesarise due to
cracking in the weld metal itself or in the heat-affectedzone alongside the joint. The choice of
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welding method and of the consumablematerials -electrodes or filler wires- depends critically on
theparent alloy and the dimensions of the parts to be joined, as well as ontheir location and
mobility. Much research is in progress on the weldingproblems associated with high-temperature
materials and should continue,particularly on the high-energy-input processes such as
electronbeamwelding and laser welding.The higher strength high-temperature alloys are not
weldable evenin quite thin sections, and semi-permanent joints made by brazing, orperhaps
diffusion bonding, are possible alternatives. Brazing alloys withmelting points in the range 900-
1200°C have been developed specificallyfor use with high-temperature alloys, the most familiar
of which are thegold-nickel alloys or those based on palladium alloys. Improvement inthese
alloys and in the techniques of their use, as applied to the superalloysand the refractory metals,
could lead to benefits in other engineeringfields.

For all types of joint data are required relating the mechanicalstrength of the joint to that of the
parent material at the temperatures andstress levels of interest.

Protection

The search for high strength at elevated temperatures has eventuallyled to alloys which have
inadequate inherent resistance to environmentalcorrosion at the service temperature and hence to
the need to developprotective coatings.

Specifications and Testing

In order to ensure the reliability and consistency of materials usedfor engineering purposes it is
necessary that specifications should be establishedfor the benefit of producer and user. These
may be individuallyarranged between the two parties or established by industrial, national
orinternational bodies. The specifications normally define the compositionof the material and the
type and limits of specific property tests required.The formulation of specifications should be in
the hands of both engineers and material scientists, so that all factors of importance are taken
intoaccount.

Similar considerations apply to the preparation of design codes whichdefine the way in which
material property data are used in engineeringdesign. Such codes are of especial relevance in
high - temperature engineeringwhere interpolation or extrapolation of property data in terms of
timeor temperature is often necessary. The various attemps being made tocorrelate creep and
fatigue data by mechanistic or phenomenological methodsare aimed at giving greater confidence
in these procedures. Theacceptance of materials in their part-processed form and as finished
componentsrests on testing to specification requirements and to such prooftesting and non-
destructive testing as is feasible. The latter field, embracingradiography by X-rays or y-rays,
ultrasonics inspection and variouselectrical and magnetic tests is a progressive field of research
the resultsof which are generally applicable to all materials.

Failure Investigations
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Inevitably from time to time failure occur in service and much canbe learnt by careful scientific
study of these. Material faults may be diagnosedor design faults identified, and steps then taken
to remedy theshortcomings. In the same area of study are the attempts being made toassess the
remaining life of high-temperature components after a periodof service, for this would enable the
safe life of plant to be extendedwithout risk of early failure. Recovery treatments by thermo-
mechanicalprocessing are also possible, and indeed are already partly in use, particularlyfor aero-
engine gas-turbine blades.

REFRACTORIES AND CERAMICS FOR HIGH-TEMPERATURE SERVICE
Conventional Refractories

Non-metallic materials have a long history of usage in high-temperaturetechnology, mainly as
thermal insulating and containment materialsfor such purposes as metal-melting concibles,
hearths and linings for potterykilns and for industrial furnaces of all types. For such
applicationsstrength is an important factor but is not the primary requirement, sincefailure
usually results from thermal cracking due to temperature changes,or from reaction with the
contained material. The high-tonnage refractorymaterials of this type are mainly mixed oxides or
silicates and the commercialmaterials have been developed to balance performance against
cost.For more critical applications pure single oxides are increasingly used,alumina, zirconia,
magnesia and beryllia being the commonest, since thesegenerally have higher melting points
than the mixed oxides.

Advanced Ceramics

Non-metallic materials other than oxides have become of increasingimportance in high-
temperature technology in recent years. Silicon carbide,long known as an abrasive and also for
many years as a hightemperatureelectrical furnace element, is finding increasing use in a
varietyof advanced refractory applications, particularly in the self-bonded orreaction-bonded
form. The high strength and low density of this materialmake it a strong candidate for certain
aero-space components. Similarlysilicon nitride provides competitive levels of strength and hot-
corrosionresistance. Both these materials are formed from cheap and abundantelements so that
there are no problems of availability, and the cost ofcomponents made from them will depend on
energy costs and the levelof commercial demand. Many other non - metallic materials, elemental
orcompound, are being examined in the light of their possible merits ashigh-temperature
materials , and these include oxides , carbides, nitrides,borides and silicides, predominantly of
the higher- melting-point refractorymetals , but also of the more reactive metals such as
aluminium,magnesium and calcium which can form compounds of high thermal stability.In the
same class of advanced non-metallic refractory materials must be included carbon. Although its
oxidation resistance is generally poor,so that it can only be used at high temperatures in a
protective atmosphere or vacuum , it can be obtained in a range of crystalline or vitreous
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forms,depending on the production process adopted , so that its extremely highmelting point can
be exploited.

Production and Consolidation Processes

The constituent compounds of ceramic materials are derived eitherfrom naturally occuring
deposits of suitable precursors, which may bepurified by conventional chemical means and then
thermally decomposedto vyield the oxide, or by high-temperature exothermic reactions
betweenthe elements to be combined or between selected compounds of them,often gaseous, e.g.
ammonia to produce nitrides. The required compoundsare usually obtained in the form powders
or crystals, which may needmilling to refine the grain size, and they must then be consolidated.
Thisis the step that offers considerable scope for the development of specialmethods appropriate
to individual materials. The common methods includeslip casting, cold pressing or paste
extrusion, all followed by sintering;hot pressing; hot isostatic pressing; activated or reaction
sintering;fusion casting; and deposition by chemical vapours or by pyrolytic decomposition.In
most all these processes the effect of particle size of thepowders, and of the presence of small
proportions of impurities or addedcompounds, may have critical effects on the properties of the
resultantmaterial.

The shaping of ceramic or refractory materials to the required formpresents considerable
difficulties since many of them, and certainly themore advanced fully-densified materials, can
only be machined by the useof diamond tools. The tendency, therefore, is to employ the
materials inrelatively simple forms which can be produced directly by the consolidationprocess,
or to machine in the "green™ or partly-sintered condition,with allowance for shrinkage infinal
sintering to be within acceptablelimits. Research on consolidation and processes and their effects
onshrinkage and resultant mechanical and physical properties are hence ofmajor relevance in the
application of these materials.

Mechanical, Physical and Chemical Properties

Ceramic materials are essentially brittle in character and their mechanicalproperties cannot be
directly compared with those of ductile metallicalloys, since different testing procedures are
adopted. Bend tests normallytake the place of tensile tests and the fracture stress is reported on
astatistical basis since the results are more scattered due to the influence of minor flaws.
Nevertheless measurements of bend strength against temperatureand of time to fracture against
bending stress provide a suitablebasis for the comparison of different high-temperature ceramics
and forthe assessment of their temperatures of serviceability. These data need tobe supplemented
by determinations of impact strength and thermal shockresistance, which properties, in general,
are much lower than those formetals. Application of recent developments in fracture mechanics
shouldimprove the confidence with these brittle materials can be used.
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The physical and chemical properties of ceramic materials are required for design guidance, with
particular attention being paid to theinfluence of environmental attack on fracture characteristics.
Surfacechanges may promote or inhibit crack propagation.

Testing

Procedures for inspection and testing, and analysis of service failuresmust be developed and
applied in exactly the same manner already referredto for metallic materials.
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