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original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
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1. Scope E 92 Test Method for Vickers Hardness of Metallic Mate-

1.1 This practice covers the procedures for postirradiation fals® _ _ _
examination of cladding, determination of breached nuclear E 94 Guide for Radiographic Testing _
fuel elements, selection of material and tests for radiation E 112 Test Methods for Determining the Average Grain
studies, determination of radiation conditions, conduction of _Siz€

tests for mechanical properties of cladding, and the reporting of E 139 Practice for Conducting Creep, Creep-Rupture, and
data. Stress-Rupture Tests of Metallic Materfals

1.2 The purpose of this practice is to provide detailed E 146 Methods of Chemical Analysis of Zirconium and
guidelines for the postirradiation examination of fuel element ~_Zirconium Alloys (Silicon, Hydrogen, and Coppgr)
cladding and to achieve better correlation and interpretation of E 165 Test Method for Liquid Penetrant Examinafion
the data in the field of radiation effects. E 261 Practice for Determining Neutron Fluence Rate, Flu-

1.3 This practice may be applied to metallic cladding from _€nce, and Spectra by Radioactivation Technifues
all types of fuel elements. The tests described in this practice E 263 Test Method for Measuring Fast-Neutron Reaction
for determining mechanical properties of the fuel element _Rates by Radioactivation of Irén _ _
cladding practice should be included in the preirradiation E 380 Practice for Use of the International System of Units
characterization of the cladding and for planning irradiation _(S!) (the Modernized Metric Systefh)

effects tests for evaluation of materials for cladding and other E 466 Practice for Conducting Force Controlled Constant

E 606 Practice for Strain-Controlled Fatigue Testing
Note 1—The values stated in Sl units as described in Standard E380 E 77 Test Method for Apparent Density of Ceramics for
are to be regarded as the standard. Electron Device and Semiconductor Applicaflon

2. Referenced Documents

2.1 ASTM Standards:

B 353 Specification for Wrought Zirconium and Zirconium
Alloy Seamless and Welded Tubes for Nuclear Servic
(Except Nuclear Fuel Cladding)

E 3 Methods of Preparation of Metallographic Speciniens

E 8 Test Methods for Tension Testing of Metallic Materfals

3. Significance

3.1 The physical and mechanical properties of cladding
materials can be altered by exposure to a high-energy neutron
Slux. The magnitude and relationship of these changes are
functions of the material and its metallurgical condition; the
amount, rate, and energy spectrum of the radiation; the

. . . e . exposure temperature; the test temperature; the purity, velocity,
E12 Tgrmm(_)logy Relating to Density and Specific GraV'tyvolume, and purification system of the coolant; and effects of
of Solids, Liquids, and Gasts contained fuel

E 21 Test Methods for Elevated Temperature Tension Tests

of Metallic Material$ o _ 4. Determination of Radiation Conditions
E45 Te%t Methods for Determining the Inclusion Content , y penort gl available data on the nuclear environment
of Stee '

including reactor operating history, reactor geometry, and

operating temperature. Provide neutron dosimetry for each

experiment (refer to Practice E 261 for applicable practices).
1 This practice is under the jurisdiction of ASTM Committee E-10 on Nuclear

Technology and Applications. -
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Suggestions as a minimum guide in measuring the radiatioto preserve its irradiated condition. Take special precautions to
environment are described in 4.1.1-4.1.5. ensure that the cleaning procedure does not entail high tem-
4.1.1 Neutron Spectrum-For the particular facility utilized, perature or high stress that might alter the as-irradiated
report the most complete neutron spectrum description avaikondition or state.
able from reactor physics computations, from preexperiment 5.1.1.2 All tools selected for handling of irradiated fuel
surveys, and from monitoring of the experiment. Calculate theelements should be of such a design and construction to
neutron spectrum from suitable transport or diffusion theoryminimize the risk of accidental damage to the element. Do not
computer codes to best simulate the actual reactor conditionsse elastomers and soft metals such as aluminum, copper, and
(that is, one-dimensional, cylindrical geometry, etc.). Reportead, in contact with the fuel element. During handling do not
information on the neutron flux distribution versus neutronsubject the fuel elements to any stresses for which they are not
energy. designed.
4.1.2 Reactor Conditions-Report information on the local 5.1.2 Shipping
reactor operating time history and reactor geometry including 5.1.2.1 The shipping containers should be equipped with
dimensions, materials, and locations. Obtain or calculate thsuitable inserts, baskets, spacers, and supports so that the
number of equivalent full-power days (EFPD). surface of the element is not damaged during transit. Take
4.1.3 Neutron Dosimetr~Determine the neutron fluence as special care to avoid excessive vibration that can lead to
described in Practice E 261 and Test Method E 263. Normallyfretting wear.
include the fast fluence above a given energy suck ag.1 5.1.2.2 It may be necessary to cool the fuel element during
MeV or E > 1.0 MeV, the displacements per atom (dpa), andshipment. If a coolant is not used, then calculations must show
reference the dpa technique used. For example, determine ttieat the decay heat will not create an unacceptable increase in
fast fluence from th¥Fe(,p)®>* Mn reaction in Zircalo9®or  the temperature of the fuel element.
stainless steel fuel cladding. In this case, accurate values of the5.1.3 Storage
iron content would be required, preferably preirradiation val- 5.1.3.1 Observe the same precautions and procedures at the
ues. Then, calculate the neutron fluence from a knowledge akceiving site as those observed at the shipping site.
induced activities, spectrum-averaged cross sections, and reac5.1.3.2 Storage facilities commensurate with the size and
tor operating time histories. mass of the fuel assemblies must be provided. The storage
4.1.4 Temperature KnowledgeFor the evaluation of irra- facility must have an environment that provides adequate
diation effects on physical and mechanical properties, knowleooling and protection to the element. For LWR fuel elements,
edge of the absolute irradiation temperature and its uncertaintyemineralized water or air is adequate. Store LMFBR fuel
is extremely important. Where possible, use sufficient sensorslements in an inert gas atmosphere or high-purity sodium.
to provide a complete knowledge of the temperature patterMoisture and oxygen can react with residual sodium and form
throughout the assembly. When the use of sensors is nabrrosion products on the LMFBR cladding. Avoid these
possible, state the method of determining the irradiatiorreactions, as they can lead to attack of the cladding, thereby

temperature. destroying the as-irradiated surface condition.
4.1.5 Irradiation Atmosphere or MediumReport the com- 5.1.4 Surface Preservation
position and impurities of the medium surrounding the speci- 5.1.4.1 In many postirradiation examinations, the surface of
mens during irradiation in as much detail as practical. the fuel element, including the corrosion film and crud depos-
4.1.6 Document the method of supporting/spacing, locatiorits, is of interest. Preserve these deposits as much as practicable
of fuel rod, and pitch-to-diameter ratio. until the visual examinations are complete or until an adequate

. _— : sample has been obtained.
5. Handling, Shipping, Storage, and Surface Preservation 5.1.4.2 If the examination of loosely adherent surface de-

5.1 It is essential that the conditions of the cladding Causeﬁosits is of no interest, the deposits may be removed with a
by irradiation and exposure to the operating environment bgfipristied brush. For LWR fuel elements, water or organic

preserved between the time the fuel element is discharged frogy|yents such as ethyl alcohol or acetone may be used as an aid
the reactor and the nondestructive examinations are completegl. removing loosely adhering deposits. For LMFBR fuel

Overheating or even aging at the irradiation temperature duringjements, avoid the use of water. Alcohol is a suitable solvent
handling and storage can result in partial annealing of thgyr cleaning the LMFBR elements. Avoid vigorous cleaning
radiation effects, thereby influencing the mechanical andygents, such as acids or strong bases, unless these agents are
chemical properties. If the temperature of the fuel elementhe only means of effectively removing the surface deposits.
becomes excessive because of decay heat, then provide ads 1 4.3 |f the composition of the crud or loosely adhering
equate cooling. Ordinarily, this will be water or sodium for g;face deposits is to be determined, then remove the samples
light-water reactor (LWR) and liquid metal fast-breeder reactorby scraping the element with a suitable instrument. Take
(LMFBR) fuel rods, respectively. The coolant should not havegpecia| care to avoid contamination of the sample with metallic

any detrimental effect on the cladding. particles scraped from the element or the instrument.
5.1.1 Handling

5.1.1.1 Exercise utmost care in handling and packaging thé. Visual Examination
fuel element or fuel rod. Clean each item in such a manner as 6.1 Place the element (for example, fuel rod, plate, etc.) to
[ be examined in a suitable holder. The holder should provide
10 Zjrcaloy is a registered trademark of Westinghouse Electric Corp. means of manipulating the element so that all areas of interest
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can be examined conveniently with a minimum of handling. bowing is not reflected in the length measurement, indicate so
6.1.1 The holder should be sufficiently rigid to minimize the in the data.
possibility of movement during photographing. 7.5 Diameter Measurements
6.1.2 An appropriate scale should be incorporated into 7.5.1 It is important that the surface of the element being
either the holder or the viewing instrument to aid the observemeasured be clean. Document the cleanliness of the surface of
in establishing relative scale and magnification and to providghe element. In a manner least destructive to the element
a convenient method of locating specific areas with referenceladding, wipe away loose extraneous material (for example,
to a fixed point, such as the end of a fuel rod. Use a coloparticulates) adhering to the surface.
standard if color photography is utilized. 7.5.2 Take the measurements performed with a micrometer
6.2 Perform visual examinations either in a hot-cell facility or similar device at two or more positions at each measurement
or in an underwater facility, such as a spent-fuel pit. Usdocation. Take these measurements at equally spaced positions,
viewing instruments, such as periscopes, telescopes, remdggossible, around the circumference of the rod. Use minimum
stereomicroscopes, or closed-circuit television systems. or known force devices when measuring readily deformed
6.2.1 The instrument should be equipped with interchangeshapes such as thin-wall fuel elements. Centering is an impor-
able eyepieces, interchangeable or variable focal length (zoongnt consideration.
objectives, or some other convenient method for obtaining a 7.5.3 Select the axial location of diameter measurements on
range of magnifications. a fuel rod to characterize adequately the dimensional stability
6.2.2 Means should be provided for documenting the conopr performance of the rod. If possible, use the same location as
ditions and appearance of the cladding with photographs. Thigye preirradiation measurements.
is best accomplished with a camera attached to the viewing 7.5 4 |t is preferable that continuous diameter measure-
instrument or by the use of video tape for television examinaments be taken. This can be done by a profilometer, employing
tion. Give a written description of the visual examination gne or more dial indicators, LVDTs, or other suitable sensing
features to augment the photographs or video tape. devices, that bear on the fuel rod. Means can be provided to
7 Dimensional Measurements advance the sensing head axie_llly as the rod is rotatec! z_and to
) ) record the output of the sensing head, thereby obtaining a
7.1 Calibration: continuous trace of the fuel rod surface. This will reveal not

_ 7.1.1 Calibrate all measuring apparatus by checking gy gross changes in diameter, but other anomalies such as
indicated readout against standards. ridging, blisters, ovality, etc.

7.1.2 Certify any standards, gage blocks, etc., used, and it Is -
best if these standards can be compared directly to National 7.6 Thickness Measurements
Bureau of Standards masters. If this is not possible, compare .- < ired be clean
the standards to primary standards or masters. 7.6.2 Determine .the thickness of noncylindrical fuel ele-

7.1.3 Include the dimensions of the standard, the applicable """ lat plates, convolutions, etc.) by using a micrometer or
limits of precision and accuracy, and the temperature at whicﬁnents (f.a piates, volutions, €tc.) by using :
the measurements were taken in the certification report. other suitable measuring device.

7.2 Surface Preparatio-It may be necessary or deswabl_e 8. Determination of Breach and Defect Location
to remove any loosely adhering deposits on the cladding
surface, so that the dimensional measurements are as accurat8-1 Leak Tests—-Experience has shown that defects in fuel
as possible. Tightly adherent oxide films can also affect théladding cannot always be detected through a visual inspection
dimensional measurements. Therefore, use a metallurgic&f dimensional measurements, or both. To detect defects
examination to determine exactly how these films affect théesulting in a breach of the cladding, some type of leak test is
dimensional measurements. frequently performed as follows:

7.2.1 Perform the removal of these loose deposits by me- 8.1.1 In the liquid nitrogen-methanol leak test, immerse the
chanical means, such as light brushing in demineralized wateitem to be tested in liquid nitrogen for approximately 15 min.

7.2.2 Do not attempt to use vigorous chemical reagents tdhen remove and quickly plunge the item into methanol. A
remove any of the tightly adhering oxide film which is leakis indicated by the presence of a steady stream of bubbles.

frequently present. To do so would risk removal of theDo not use this test if there is any reason to believe that the
corrosion films and base metal, thereby decreasing the value 6fadding or fuel may be adversely affected by the thermal
dimensional measurements and the corrosion data obtain&fiock involved or that it might undergo a phase transformation.
from the film thickness measurements. 8.1.1.1 In principle, the liquid nitrogen penetrates the clad-
7.3 Temperature Determinatierln making any dimen- ding through a defect, such as a crack, pinhole, etc. When the
sional measurements, also measure the temperature of thed is plunged into the warm methanol, the nitrogen immedi-
cladding. Due to gamma heating, the cladding surface temperately vaporizes and escapes through the defect.
ture may be significantly higher than the ambient temperature 8.1.1.2 In the case of large leaks, all of the gas may escape

7.6.1 It is important that the surfaces of the element being

of the environment. from the rod in a short burst of bubbles. However, this type of
7.4 Length Measurements leak or defect is ordinarily detected during the visual exami-
7.4.1 It is important that the ends of the element to benation.

measured be clean and free of any deformation. 8.1.1.3 In the event of a very small leak, the bubbles may be

7.4.2 Adequately support the element to be measured. Bo small or infrequent as to escape detection. Also, the defect
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may be actually covered or plugged with deposits of foreigrthe balance with traceable standards. Between measurements,
matter. return the balance to a zero or known value. As appropriate,
8.1.2 Ahelium leak test is generally more sensitive than theeheck the balance against working standard weights during the
liquid nitrogen-methanol. In addition, it has the advantage oimeasurement process.
being performed at room temperature, and thus does not 8.4.2.2 Periodically, replace or calibrate the working stan-
subject the cladding to thermal shock. This method can be usethrd weights against certified reference weight standards.
to determine whether a leak is present but is not satisfactory for 8.4.3 Shield the fuel element being weighed from air
actually locating the defect. currents that could adversely affect the accuracy of the data
8.1.2.1 In this test, expose the rod to an external heliunpbtained.
pressure, remove from the pressurization chamber, then insert8.4.4 Report the calibration data and measurement results
into the leak test chamber. Then evacuate the chamber amdth the system accuracy stated. Suspect defective elements
measure the leak rate with a helium leak detector. can be identified as those in which the difference between the
8.1.2.2 Variations of this test make it possible to perform thepreirradiation and postirradiation weights is significantly
test after the rod is punctured or sectioned. This test providegreater than the system accuracy for both measurement sys-
satisfactory results only when there are interconnecting voidtéems.
throughout the length of the item to be tested. 8.5 Eddy-Current Cladding Integrity TestirgEddy-current
8.2 Dye Penetrant InspectienVarious types of dye pen- hondestructive testing techniques provide a means of testing
etrant inspection may be used to detect surface flaws or crackéle integrity of the cladding material of nuclear reactor fuel

Use Test Method E 165 as a guide. elements without contacting the cladding. By these techniques,
8.2.1 In generaL clean the C|adding surface to obtain Coni.t is pOSSib|e to detecﬂ.ﬂ the location of a breach in elements
clusive results. that have been identified as “leakers” by other test methods,

8.2.2 The presence of a tightly adhering oxide film can@nd @) defect areas in cladding after irradiation, but prior to

render the results of a dye penetrant inspection inconclusivePreach. _ S _
8.3 Ultrasonic Inspectioa-Ultrasonic inspection providesa  8-3-1 Eddy-current testing does not require a liquid coupling

means to detect defects on the hidden. as well as expose'Ei'Edi“m' Therefore, the cladding is maintained free of contact.
surface of fuel cladding. It may also be applied to theEMPploy either an encircling coil that tests the entire element

measurement of cladding wall thickness and the nondestructivgrcumference in one pass or a probe coil that tests only a small
examination of welds, brazed joints, etc. (about 15 deg) segment of the clad circumference at a time.

8.3.1 Inasmuch as either water or a low-viscosity oil isThe latter is somewhat more sensitive and provides easier

required to couple the transducer with the target, perform thidnterpretation of defect location with respect to circumferential

inspection in an underwater facility or in a tank of water in a°riéntation and inner or outer surface of the cladding.
hot cell. 8.5.2 The basic mechanical system requires a means of

8.3.2 The basic mechanical equipment generally require!ilOIding _the test _item an_d the sensing coil and p_r(_)viding the
for ultrasonic inspection includes suitable holding fixtures foraPPropriate relat|ye motion between the two. Position Fhe test
both the target and the transducer. item a_ccu_rately with respect to the test probe or encircling coll
8.3.2.1 The target-holding fixture must be capable of mov—to maintain r_epeatable poupllqg. .

8.5.3 Basic electronic equipment includes the necessary

ing the target with respect to the transducer or the transducer . : .

; . . ctontrols for operation of the mechanical equipment, eddy-
with respect to the target, or moving both, so that the entlrecurrent signal generator and receiver, and display and record-
area of interest may be inspected (for example, if the target ilsh devicgs su?:h as an oscilloscope émd stri -pch;rt recorder
a fuel rod, a device for rotating the rod is required). 9 P P '

g . o 8.5.4 Interpretation of results depends on the use of cali-
dei'i?é(zj'Zor}rehnef{aiirggsgfufﬁg??;ﬂ?guégfu; d”,:ﬁzt drg?;r:(?én ;\zenrated and well characterized standards. Standards should
from the taraet %ontain defects that approximate typical defects. They should
get. . . . . possess several defect sizes located both on the inside surface
8.3.3 Basic electronic equipment should include an oscilla

. - -~~~ “and the outside surface. Standards should also contain typical
tor to produce the signal for the transducer, a pulsing circuit, hternal components, such as fuel pellets, spacers and springs,

receiver to detect thg pulse echo, and a dlspl_ay or reado‘tﬂadding variations, or components that would simulate these
device, such as a strip-chart recorder or an oscilloscope.

ms.
8.3.4 A calibrated standard is necessary to adjust the equip-

ment so that the size of a defect may be estimated. 9. Gamma Scanning
8.4 Weight Measurement 9.1 Employ gamma scanning to determine the axial distri-

8.4.1 Employ weight measurement, particularly in sodium-pution of cladding activation and fission-product activity, to
bonded elements, to detect the presence of a breached fudtermine the position and dimensions of element components,
element by the indication of a greater-than-expected weighénd to help determine suspect breached elements by loss of
change due to egress of sodium bond or ingress of primarfission-product activity.

coolant. 9.1.1 Use the distribution of the activation of the cladding or
8.4.2 The balance must possess sufficient sensitivity tgpecific fission-product activity to determine the relative fast
detect the expected weight change. and thermal fluence received by the various portions of the

8.4.2.1 Prior to any series of weight measurement, calibratelement.
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9.1.2 Determine the position and dimensions of element 11.2 Specimen Preparation

internal components (fuel pellets, bond-sodium level, etc.) by 11.2.1 Obtain a section of the fuel rod or plate with the fuel
counting the appropriate specific activities. intact in a manner that prevents excessive heat generation or
9.1.3 Deficiency of fission-product activity within the gas cold working during sectioning. Mount this section in a
plenum or bond-sodium indicates a breach of cladding. Alosgg|d-setting compound that cures at temperature less than
of bond-sodium and dissolved fission products within thejso°c or lower and is resistant to gamma-irradiation and to
bond-sodium indicates breach below the sodium level. deterioration or swelling at temperatures as high as 150°C.
9.2 The elements to be gamma scanned are moved pasigintain the record of specimen location and orientation,

thin slit through which the gamma and beta rays are allowed t5ticularly if the orientation of the rod with respect to the rest
pass. The gamma and beta rays are then collimated by & the assembly is known.

shielded slit over a suitable distance. The collimated beam is . . . .
directed at a high-resolution detector attached to a monitor and 11.2.2 Rounding of the edges of the cladding during grind-

readout system. The design of the system will depend on thi0g or polishing is undesirable, especially when evaluating the
corrosion behavior. If routine polishing techniques are not

size, shape, and activity of the item being scanned. A multi-" . . .

channel analyzer can be employed to identify and measure t yailable .to prevent th_|s rounding (.Jf the. surfacg, then prevent

activity produced by individual nuclides. the ro_ur_1d|ng l_)y mounting the specimen in a potting comp_ound
containing a fine abrasive material such as aluminum oxide or

10. Neutron Radiography plating the specimen with a metal such as nickel or chromium.

10.1 Neutron radiography is a nondestructive technique fofl he latter rngthod is undgsirgble in cases where examination of
determining the internal condition of fuel elements or experi-the fuel within the cladding is to be performed.
mental capsules. A film image is produced, with the film 11.2.3 Prepare the metallographic specimen in accordance
density being a function of the neutron attenuation charactemwith Methods E 3. In some instances, it may be desirable to
istics of the material being radiographed. avoid grinding and polishing using an agueous media. Certain

10.2 Neutron radiography provides information such asorganic liquids can be effectively used as a coolant in these
internal component location, fuel condition (pellet separationsinstances. Take special care, however, to prevent heating of the
voids, fissile density variation, cracking, etc.), dimension ofspecimen during grinding. The final polishing steps will vary
components, water ingress, bond-sodium level, hydride formawith the material being processed and should be established on
tion in cladding, etc. a trial specimen prior to conducting the examination.

10.3 Place the fuel elements including length and contrast 11.2.4 After the specimen is polished satisfactorily, examine
standards in a collimated thermal neutron beam emanatingie specimen in the as-polished condition. If microprobe
from the neutron source (which may be a reactor, acceleratognalysis is to be performed, then complete it before etching.
radioisotope, or other source of neutrons). Place a neutroppliowing this examination, etch the cladding or fuel to
detector, usually a dysprosium or indium foil, behind the fuelestablish the desired microstructural characteristics. It is pref-
elements and expose to the neutron beam. Indium resonanggable to examine the fuel first since the etchants used for the
energy neutrons (1.4 eV) provide more penetration of nucleagladding may attack the fuel thereby destroying areas of
fuels and are therefore useful in revealing internal charactelinterest. In many instances, the corrosion rates are enhanced by
istics in the fuel. With this technique, place a thermal neutronrragdiation. Therefore, take special care to avoid overetching.
attenuater (gadolinium, cadmium) in front of the indium The etchants used for cladding are generally somewhat differ-
neutron detector. Subsequently place the detector in contaght than those for fuels. In the examination of both materials it

with X-ray films and allow to decay for three or more half-lives js ysually necessary to repolish and reetch the specimens after
to produce the image. Since the radiation emanating from thgne examination has been completed.

activated neutron detector foils is low-energy, it is very
important to ensure that the foil and films are in intimate ; : .
contact and that no foreign material is allowed between the foil 1131 Fue_l-claddmg contact, especially at high tempera-
and film. Failure to do so will result in poor-quality radio- tres and h'gh bu.rnups, can lead to both chemlpal and
graphs. The film thus exposed can then be processed by usi chan!cal Interaction. The extent O.f both thg chemlcgl Efmd
normal X-ray film processing techniques (see Guide E 94 as echanlcal_ interaction is often quite important in establlsh!ng
guide). Dysprosium foils provide more detail in non-fuel the useful life of the fuel element. The mechanical interaction

components of a fuel element and are used in generally th the result of differential thermal expansion between the fuel

11.3 Fuel Cladding Interaction

same way as for indium foils. and cladding. The chemical reaction can either be a reaction
between the cladding and the fuel or a reaction between the
11. Metallography fission products and the cladding.

11.1 Significance-The cladding should be examined met- 11.3.2 Determine the depth of attack and the cause of the
allographically to determine the extent of any microstructuralattack. Knowing the depth of the attack is very important,
changes and the corrosion behavior resulting from the exposuespecially when sections of the cladding are to be used for
in the reactor. The optical microscope can provide a significantletermining the mechanical properties. Make special efforts to
amount of data regarding the in-reactor behavior. The electropreserve this interaction. This may be difficult as these reaction
microscope may enhance the accuracy of the analyses apdoducts are often destroyed during normal handling and
interpretation. mounting operations. Impregnation of the specimens with
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cold-setting epoxy compounds prior to any major metallo-effects of operation on the microstructural changes in the
graphic preparations is useful for preserving the as-irradiatedladding.
conditions. The epoxy resin, however, has a tendency to 11.5.2 The cladding on many fuel elements is often less than
destroy the chemical nature of some of the fission product$.38 mm in thickness. Furthermore, the hardness may vary
The mode of attack (for example, stress-corrosion crackinghrough the cladding thickness. Many hardness tests are
intergranular attack or cracking and general uniform corrosionjherefore not suitable for this material. The Knoop and Vickers
should also be established. test have generally been found suitable for determining the
11.3.3 Measure the width of the fuel-cladding interactionhardness of the cladding. Therefore, follow the procedure in
zone from a specified plane of polish with a metallographaccordance with Test Method E 92. Take special care to ensure
containing a calibrated filar eyepiece or from a photograph ofhat valid results are obtained.
calibrated magnification. 11.5.3 Obtain at least five individual readings at each
11.3.4 From the as-polished surface, obtain the compositiolocation. Obtain hardness at a minimum of three locations:
and composition gradients by scanning the sample surface wiihside surface, outside surface, and mid-radius. If possible,
ion or electron microprobes and performing electron or massletermine the hardness at areas of abnormal appearance.
spectroscopy. .
11.4 Corrosion Behavior 12. Density Meas_urement o
11.4.1 Certain metals form an adherent protective film 12.1 Scope—This method covers the determination of the
during corrosion, whereas other metals corrode by the loss éfensity of cladding using immersion techniques. Accuracies of
material. In the former case, it is possible to measure the oxid@-05 % can be achieved using this method. However, the
film thickness and to convert the oxide film thickness to a mas§btained accuracy will vary with the mass of the specimen.
gain and to determine whether corrosion produces any Con{\jle_thods ar_ld defln_ltlons of terms for density measurement of
positional changes through the thickness of the cladding. In th&0lids by immersion techniques are documented in Test
latter case, it is not possible to establish the corrosion ratMethod F 77 and Terminology E 12. The calculation of the
the corrosive environment. However, it is possible to determingeduires careful attention to technique. Many factors, such as
whether corrosion occurs by pitting, intergranular attack, etc.air buoyancy, temperature differences, surface tension of the
or produces compositional variation within the metal. iquid, chemical changes, and calibration of the density of the
11.4.2 Oxide Film Thickness-The oxide film on many displacement liquid, contribute significantly to the results.
alloys, in particular zirconium alloys, is very seldom com- 12.2 Definition: . _
pletely uniform in thickness. Consequently, a large number of 12.2.1density—the mass per unit volume, expressed in
measurements must be made to obtain a reliable value for tt#ams per cubic centimetre.
film thickness. Before making the measurements, examine the 12-3 Apparatus _
entire periphery of the as-polished cladding to determine 12.3.1 Chemical Balancecapable of measuring to 0.1 mg.
whether there are any areas of abnormally thick or thin 12.3.2 Thermometer or Thermal Sensaapable of being
corrosion films. If such areas are present, treat these areas in &t t0 0.2°C within the range from 15 to 25°C.
individual manner. If no abnormally thick or thin areas are 12.3.3 Hook and Wire—A hook suspended by a wire about
observed, then take at least eight film thickness measuremerflst3 mm in diameter or less if possible, both materials being
at equally spaced locations around the periphery. Take thedgbricated from.corr03|on-re5|stant materl_al. This arrangement
measurements with a filar eyepiece with an accuracy 661  Can be used either to support the specimen or a wire mesh

pum. The resulting film thicknes;, can be converted to a mass Pasket that contains the specimen. .
gain, M, using the following equation: 12.3.4 Wire Mesh Basketconstructed from a corrosion-

resistant material to suspend the specimen during immersion

M =T xK @) when the hook and wire combination is not a feasible method
K will vary from material to material, and this value must be of suspension.
_determined experimentally. For Zircaloy-2 and Zircalo$-K 12.3.5 Tank with a sufficiently large opening to allow
is equal to 15.6 mg/dfaum. unhindered introduction and removal of the specimen and

11.4.3 Hydrogen Content-Evaluate the orientation of the specimen holder to and from the immersing liquid. For small
hydride platelets within Zircaldy fuel cladding using metal- specimens, water currents and motion caused by introducing
lographic techniques. Determine the hydrogen content usinghe specimen into the bath must be eliminated before weighing
the vacuum extraction techniques in accordance with Methodsroceeds. If possible, a constant temperature liquid container
E 146. Because cooling rates and thermal gradients can affeshould be used.
the size and concentration of hydride platelets, quantitative 12.4 Materials
metallographic techniques for determining hydrogen content 12.4.1 Test Liquid or Immersing Fluid-Some acceptable
are not recommended. common fluids used for density measurements are as follows:

11.5 Hardness 12.4.1.1 Distilled water containing a wetting agent such as a

11.5.1 Irradiation of the fuel elements can produce gross odetergent,
localized changes in the hardness of the cladding. The hardnessl2.4.1.2 Carbon tetrachloride, CClI
of the irradiated cladding can provide some indication of the 12.4.1.3 Bromobenzene ¢8sBr, and
strength of the cladding and possibly some insight into the 12.4.1.4 Perfluorotributylamine, (Eg);N.
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12.5 Procedure 13.2.1 Hot Vacuum-Extractior-Hot vacuum-extraction
12.5.1 Weigh the test specimen in air. techniques are methods used to remove absorbed and dissolved
12.5.2 Immerse the specimen and holder into fluid. Allowgases from solids. The usual manner by which this is accom-
sufficient time for the temperature of the specimen and thelished is to heat the solid in a vacuum at a sufficiently high
temperature of the bath to equilibrate. Ten minutes is generalliemperature to allow removal of the gases from the solid by
sufficient for samples of 10 g or less. Measure and record theiffusion and collect the released gas. The gas can then be
temperature of the fluid to 0.2°C. analyzed by accepted standard methods for gas analysis. The
12.5.3 Determine the density of the immersing fluid. Thistechniques and methods used for this determination on irradi-
determination can be made either by weighing a known volumated samples are identical with those used for unirradiated
of fluid or by determining its buoyancy on a precision- samples with the exception of the special handling required to
machined standard specimen such as Invar or gold. protect personnel from the residual radioactivity of the speci-
12.6 Calculation men. For hydrogen analysis by this technique, see Methods
12.6.1 Density of Liquie—Obtain the density of the liquid E 146.
as specified in 12.5.3. Since the density of most liquids varies 13 2 2 vacuum Fusior-Vacuum fusion analysis is a tech-
with temperature, it will be necessary to make a correction ifique by which gas, adsorbed, absorbed, and combined in a

the specimen and liquid densities were measured at differenf|ig, s released by melting or fusion, and the gas is collected

temperatures. _ _ for subsequent analysis. The methods recommended for irra-

12.6.2 Density of SpecimerCalculate the density of the giated materials are similar in most respects to those for

specimen as follows: unirradiated materials, with the exception of the special tech-

A = {(W, X d) — (W_ X D)H(W, — W) 2) nigues required to protect personnel from the residual radio-
activity and contamination of equipment with radioactive

where: ; ; ; ; :

_ . . materials. The techniques vary slightly with each subject
\%/A _ trineansssltyc/)fo;psepgrc;r;ne ?naat‘i'rt,egperatljfeg/cn?, mballterial and recommended procedures are not currently avail-
W = mass of specimen in liquid, g, able. _

= density of liquid at temperatur€ g/cnt, and 13.2.3 Microprobe:
D = density of air, g/cm 13.2.3.1 Scope—The term “microprobe analysis” covers a

12.6.3 Temperature CorrectiorsTemperature can cause number of operations ranging from quantitative chemical
perturbations in the equation in 12.6.2. The equation can banalysis to qualitative photographic displays. There are several

modified to include variations in temperature as follows: ways in which the electron microprobe can be used depending
A = {(W, X dX X) — (W, X D X Y)H(W, — W) @3) on the application of the data to be obtained. These include:
X =1-KT-T) (1) X-Ray Spectrum ScarA—method to determine the

elements present in an unknown sample.

(2) Line Scan-A semiquantitative method of determining
where: the relative concentration of an element across a portion of the
K = volumetric coefficient of thermal expansion, sample.

and ) ) ) ) (3) Step Scan-Acline scan in which the specimen is moved
T, T, Ta = temperature of interest, of the immersion lid- hrough the electron beam in finite increments, and X-ray
uid and of the air, respectively. counts are recorded during these incremental steps.

Y =1-K(T-Tp

WhenT, = T,, X=Y and the equation reduces to a .
- cgrrection involvingk and the temperature of (4). Area Scan—'Fhe_ X_-ray spectrometric method set o
interest receive the characteristic X-ray wavelength from a specific
12.7 Report—The report shall include the following: element that can be used 1o scan a given grea.
12.7.1 Chemical composition of specimen, 13.2.3.2 Procedure—Prepare the sample in the same man-
12.7.2 Previous mechanical and thermal treatment ner as a metallographic specimen. Obtain sufficiently smooth

12.7.3 Irradiation data, including reactor, irradiation tem-Surface for examination by a final polish with 0.25-um dia-
perature, total fluence, neutron dosimetry and monitor, an'0nd paste. A light chemical or electrolytic etch may be
instantaneous flux, required after polishing to bring out the metallurgical structure

12.7.4 Mass of specimen, of the surface. Examine test samples in the as-polished

12.7.5 Density of specimen to three significant figures, condition if there is danger of remqving elemen.ts of interest by

12.7.6 Temperature at which density measurements af@ching. The procedures for examination are highly dependent
made, and upon the type of examination required. The examinations

12.7.7 Immersion liquid. generally can be classified into two types, qualitative analysis

and quantitative analysis as follows:
13. Analytical Methods (1) Qualitative Analysis-When only some indication of the

13.1 Routine—Routine analytical methods are covered inelements in the subject material is known and positive identi-
the Annual Book of ASTM StandardSection 3, where over fication is desired, use the following techniques: gpectrum
100 standard methods are described. analysis for the unknown elements) @rea scan to show the

13.2 Special distribution of the elements present; amjl I{ne scan to show
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the change in compositional distribution of the elementq3) longitudinal specimens obtained from a segment of tubing,
present. and @) short rings obtained from the tubing. Where possible,
(2) Quantitative AnalysisYse the following techniques the type of specimen employed shall conform to the require-
when the compositional elements of the sample are known buhents of Test Methods E 8. In some instances, it may not be
their relative amounts are unknowra) (single spot analysis possible to select a specimen that conforms to Test Methods
and ) trace analysis over a small zone. E 8 because of the configuration of the cladding or because of
13.2.3.3Report—Standardization of report forms is not the limited irradiation space. Where it is not possible to use
applicable for reporting microprobe analysis because of thetandard test specimens, it is recommended that the length to
lengthy remarks that often are needed to accompany the dataidth ratio of the gage length be about 4.0. The thickness of the
. specimen should be equal to that of the cladding, and nonirra-
14. Mechanical Property Test diated specimens shall be of the same size and shape. Make
14.1 Selection of Materials-Obtain the chemical composi- every effort to establish the correlation between the type of
tion, properties, and metallurgical structure of the materiakpecimen used and a standard specimen. Attach the grips,
before irradiation for all materials used to determine theextender tab, or tubing fittings in such a way to avoid bending,
mechanical properties. This information should include thecutting, or changing the material properties near the attach-
following: ment. Perform the tension test at temperatures and strain rates
14.1.1 Processing history, including such information asmost closely simulating service condition or expected condi-
metal designation, manufacturer, heat number, fabricatingions,

procedures, and heat treatment. (When possible, archive 14 3 2 gyrst SpecimersTwo types of specimen designs
samples shall be maintained and stored for future reference ) pe generally utilized: {) a piece of tubing cut from a

14.1.2 Chemical composition, _ _reactor cladding section that contained a fuel material, &nd (
14.1.3 Original location and orientation of all test speci-5 specimen designed and irradiated as a study material. Each of
mens in the parent material, o __ these specimens will vary slightly because of its history. The
14.1.4 Appropriate mechanical properties prior to rad'at'oncladding will generally be open at each end and can be closed
determined on specimens taken from a location and orientatioggy welding or by mechanically attaching plugs in one end. The
equivalent to that of the irradiated specimens, second specimen may be open or have an end plug welded in
14.1.5 Optical micrographs showing the structure of thés|ace prior to irradiation. In all cases, the basic specimen will
material at the test location and, if possible, electron microyqnsist of a section of tubing closed at one end by a blind plug
graphs, o , _ .and open at the other end to allow pressurization. Irradiated
14.1.6 Average grain size of these materials, estimated iBnq nonirradiated control specimens shall be of the same size
accordance with Test Methods _E 11_2, and for stee_ls, theng type. The ratio of gage length to diametelD)) should be
inclusion content shall be determined in accordance with Tes;lo; however, where shorter specimens are used to conserve

Methods E 45, . . . . .material or reactor space, run adequate testing to ensure the
14.1.7 Other information such as hardness, the variation ilpsence of end effects that alter the test information.

hardness, and other mechanical properties with locations and .
orientations through the thickness of the material, etc., 14.3.3 Creep Specimens

14.1.8 Crystallographic orientation of the as-fabricated ma- 14-3:3-1 Test specimens of the type, size, and shape de-
terial, and scribed in Test Methods E 8 are generally suitable for tests at

14.1.9 Density of the material being irradiated. elevated temperatures. Where it is not possible to use standard
14.2 Removal of Fuel test specimens, irradiated and nonirradiated specimens shall be

14.2.1 For many of the mechanical property tests, it will be®f the same size and shape, and every effort shall be made to
necessary to remove the fuel from the cladding. Where th&stablish the correlation between the type of specimen used and
mechanical and chemical interaction between the fuel and Standard specimen. When the dimensions of the material
cladding has been minimal, removal of the fuel should not b&@&rMit, except for sheet and strip, the specimens should have
a problem. Where the fuel-clad interaction has been large, theflfcular cross section over the gage length. The ratio of gage

special techniques must be developed to remove the fuel 4endth to diameter should be 4. If different ratios are used,
there are no standard techniques available. direct specific attention to this fact in reporting the test results.

14.2.2 Both chemical (dissolution of the fuel) and mechani-/ N€ reduced section of sheet specimens do not need to be

cal (grinding or drilling of the fuel) techniques have been used®n9€r than 57 mm or wider than 25 mm. Take sheet specimens

to remove the fuel. Regardless of the technique used, tak&om the sheet stock in the direction of rolling, unless other-

special care to prevent damage of the cladding. Evaluate arfiS€ Specified.

procedure that is developed on some dummy specimens beforel4.3.3.2 Specimens of circular cross section may have

being used. Then evaluate the dummy specimens to ensure tt@ither threaded or shouldered ends for gripping.

the mechanical or chemical attack has not affected the proper- 14.3.3.3 For sheet or strip specimens, some modification of

ties of the cladding. the standard specimens described in Test Methods E 8 is
14.3 Design of Specimens usually necessary to permit application of the load to the
14.3.1 Tension Specimensln general, four types of speci- specimen in a furnace. If the material available is sufficient, the

mens can be obtained from the various types of fuel claddinguse of elongated shoulder ends to permit gripping outside the

(2) full-size tubular sections2j specimens from sheet or strip, furnace is the easiest method. When the length of the specimen
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is restricted necessarily, several methods of gripping are useglug welded in place prior to irradiation. In all cases, the basic
as follows: specimen will consist of a section of tubing closed at one end
(1) High-temperature sheet grips similar to those illustrateddy a blind plug and open at the other end to allow pressuriza-
in Test Methods E 8 and described as self-adjusting gripgion. Irradiated and nonirradiated control specimens shall be of
These have been proved satisfactory for testing sheet materidlse same size and type. The ratio of gage length to diameter
that cannot be tested satisfactorily in the usual type of wedgehould be >10; however, where shorter specimens are used to
grips, conserve material or reactor space, run adequate testing to
(2) By means of extension tabs welded or brazed to thénsure the absence of end effects that alter the test information.

specimen shoulders and extending to grips outside of th#sert a quartz or fused silica rod into the specimen before

furnace, or attaching the end caps. The quartz rod should allow for gas
(3) Specially designed grips that conform to and apply theflo_w_ frpm one end of the spemmen_to the other. The quartz rod
load against the fillets at the end of the gage length. minimizes the gas volume (that is, stored energy), thereby

14.3.3.4 Test full sections of tubing using modified tubingProducing a burst event typical of a fuel pin.
fittings as grips or as closures when using the tubing as a 14-4 Preparation of Specimens
biaxial test specimen in creep. 14.4.1 Tension Specimens
14.3.4 Tubular Creep Specimens 14.4.1.1 Test specimens should be of uniform thickness

14.3.4.1 Avariety of creep tests using tubular specimens argiroughout the gage length. _ .

possible depending on the methods for applying the load and 14-4.1.2 Obtain the specimens from the cladding using any
the results desired. These tests include uniaxial creep, biaxigHitable machining technique that minimizes the amount of
creep using an internal pressure, and biaxial creep usingP!d work introduced into the specimen. Cool the specimens
internal pressure and axial tensile or compressive loads. TH¥ith & suitable medium where heat may be generated during
type of information required will determine which test to use.machining.
Tests to compare different materials can generally use the 14.4.1.3 All surfaces, both machined and unmachined, of
uniaxial test or biaxial creep test using internal pressurizationthe finished specimen shall be smooth and reasonably free of
Creep tests to obtain precision data for code development wilindercuts and scratches. Do not use chemical methods for
generally require the use of biaxial creep specimens using BOlishing or deburring, because the chemical could selectively
combination of internal pressure and axial loads. attack the specimen and result in poor specimens.

14.3.4.2 The internal pressurization tests can use a short 14.4.2 Burst Specimens
section of tubingL/D ratio of >10, especially if the testisrun ~ 14.4.2.1 Test specimens should be of uniform wall thickness
similar to standard burst test. throughout the gage length.

14.3.5 Fatigue SpecimensTest specimen design depends 14.4.2.2 Keep the type of end closure constant. Several
on the type of testing machine used and the type of fatigue t&/Pes of closures have been found to be successful. Utilize a
be simulated. Configurations for specimen gage lengths suityPe that will produce an effective closure and not contribute to
able for testing in stress-controlled high-cycle fatigue (greatepr detract from the properties of the tube. Common closures
than 50 000 cycles) are provided in Practice E 466. Configuinclude end plugs welded in place, mandrels held in place by
rations for specimens suitable for testing in strain-controlledpressure fittings, and blind-end pressure fittings. Attach a
low-cycle fatigue are provided in Practice E 606. Both irradi-Pressure fitting for introduction of the pressurization fluid or
ated and nonirradiated controls shall be of the same size ar##s to the open end. Take care to ensure that the attachment of
shape. pressurization fittings does not affect the properties of the

14.3.6 Bend SpecimensSpecimen design for bend tests is tubes. Where welded end plugs are used, constrain the cladding
relatively fixed. The recommended specimen is 130 mm lon djacent to the weldment so that fallure does not occur in the
with a width-to-thickness ratio of 20:1 for thicknesses of 1.3 toheat-affected zone. Where applicable, use the procedures
2.5 mm. Specimens thinner than 1.3 mm shall be a minimunf@commended in Specification B 353 as a guide.
of 25.4 mm wide. The maximum recommended thickness is 14.4.3 Creep Specimens
2.5 mm. When it is not possible to use the standard 130-mm 14.4.3.1 Test specimens should be of uniform cross section
long specimen, irradiated and nonirradiated specimens shall §groughout the gage length and should be within the following
of the same size, and every effort shall be made to establish tHinits:

correlation between the subsized specimen and a standard Nominal Diameter or Tolerance, Percent of Di-

specimen. The same specimen design is applicable for both Widh, mm ameter of Width

room temperature and elevated temperature testing. 65 0.4
14.3.7 Transient SpecimeasTwo types of specimen de- 8.0 *03

signs will be generally utilized:1j a piece of tubing cut from 13.0 =02

a reactor cladding section which contained a fuel material and The diameter or width at the ends of the reduced section

(2) a specimen designed and irradiated as a study materiadhould not be less than the diameter or width at the center of
Each of the above specimens will vary slightly because of itghe reduced section. It may be desirable to have the diameter or
history. The cladding will generally be open at each end andvidth of the reduced section of the specimen slightly smaller at

can be closed by welding or by mechanically attaching plugs ithe center than at the ends. This difference should not exceed
one end. The second specimen may be open or have an etite tolerance limits specified above.
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14.4.3.2 All surfaces, both machined and unmachined, ofhe finished specimens must be as smooth as possible and free
the finished specimens shall be smooth and reasonably free of undercuts and scratches. Undercuts and scratches will
undercuts and scratches. Exercise special care to minimize theduce the endurance limit of most materials. Exercise special
disturbance of surface layers by cold work. Exercise great careare to minimize disturbance of the surface layers by cold
to minimize eccentricity in the specimen to provide for axial work. Regardless of the machining, grinding, or polishing
application of the load. When extension tabs are used for sheatethod used, remove the final metal in a direction approxi-
or strip samples, perform the brazing or welding in a jig ormately parallel to the long axis of the specimen.
fixture to ensure accurate alignment, and take precautions t0 14 4.6 Bend Specimens
avoid overheating the specimens. Where loading pins are used

for sheet or strip specimens, accurately center the pin holes QHroughout their length, width, and thickness. The maximum

extensions of the center line of the gage sections. o - ) ;
14.4.3.3 Overall specimen length, length of shouldersgg%\’;?gle limits are= 0.01 mm in the gage-section area of the

threaded ends, etc., should not be less than prescribed in Tes . .
u P I ! 14.4.6.2 All surfaces, both machined and unmachined, of

Methods E 8, or by customary sheet practice for specimens fo o )
y y P b e finished specimens should be smooth and reasonably free

tension tests. Increasing the length of the shoulder facilitate ; ; )
f undercuts and scratches. Exercise special care to minimize

obtaining the proper temperature distribution and axiality of®
Ioading.g prop P y disturbance of surface layers by cold work.

14.4.4 Tubular Creep Specimens 14.4.7 Transient Test-See 14.4.2.1 and 14.4.2.2.

14.4.4.1 Select sections of cladding that have minimum 14.5 Procedure
variations in wall thickness, ovality, and eccentricity. Decrud 14.5.1 Tension Test

the irradiated fuel cladding and remove the fuel. Make every 145 1 1 conduct the tension test in accordance with Test

?Jf;rtstoei\:r?:gniaseagﬁir?f tge ﬁ?ﬂ?;ﬂgo?ﬁngx?zmg;gl sorf;SI?j\AethOdS E 8 or E 21, except for the following modifications:
- oP N g app (1) Measure and control the strain rate, when possible, by

be long enough to minimize the end effects of the grips. ;
Specimens having a gage length of 70 to 100 mm should be ing a suitable extenspmeter attached to the gage Iengt'h or.the
oulders of the specimen. Rate of crosshead separation is a

| 4 long. This will h f gri o i .
tﬁzslteng?hrg;nth%nﬁjrnafe,\m depend on the type of grips arlfpermlssmle method of controlling the speed of testing; when

14.4.4.2 The specimen for axial creep tests requires ngPeed of testing is controlled in this manner, determine the

special preparation as a section of the tubing will be adequat@ccuracy of this method.
Take Specia| care in the design of the grips to ensure that (2) If the test is interrupted for removal of the extensometer,
slippage does not occur and that they do not fracture th&lake every effort to ensure that the load does not decrease
cladding embrittled by irradiation. significantly during the test.

14.4.4.3 The biaxial creep tests will require special end (3) Record the complete stress-strain or load-deflection
fittings, one end being capable of introducing the gas pressureurves.
The optimum design is a special end cap welded to the tubular (4) Determine the uniform elongation, which is the increase
specimens. The end cap can be designed such that grips mayihelength of the gage length prior to the onset of necking,
used to apply the axial load. Swagelé¢kdevices can also be expressed as a percentage of the original gage length, from the
modified to be acceptable as end caps. These devices, howevelbngation recorded by the extensometer at the maximum load.
are not as satisfactory as the welded end plugs for highthe uniform elongation can often be determined from the
temperature and long-duration tests. change in cross-sectional area of the unnecked portion of the

14.4.5 Fatigue Specimens broken tension test specimen.
14.4.5.1 Test specimens should be of uniform cross section 14 5 2 Burst Test

throughout the nominal gage length and within the following

14.4.6.1 Test specimens should be of uniform cross section

14.5.2.1 Conduct the temperature control in accordance

limits: with Practice E 139 and using Specification B 353 as a guide.
Nominal Diameter or Tolerance, Percent of Di-
Width, mm ameter or Width 14.5.2.2 Apply the pressure to the tube at a controlled,
2.54 *05 constant, or known rate. Apply this pressure with oil, water,
o9 o gas, etc., dependent upon the test temperature and the type of
1283 0.2 pressurization equipment. Avoid the use of equipment that

causes a pulsating pressure. The pressurization fluid should not

o e e o o e o 420 h et specime Peheating ofhe i may be needed
onsider instrumentating the test and pressurizing in a con-

the reduced section. It may be desirable to have the diameter Or . .
. . . ) rolled volume (strain rate) mode for better comparison and
width of the reduced section of the specimen slightly smaller a

the center than at the ends. This difference should not exceé)oossmly correlation with conventional tension tests.

the tolerance limits specified above. 14.5.2.3 Do not apply the load until the specimen is uni-
14.4.5.2 All surfaces, both machined and unmachined, ofc'mly heated and the thermal equilibrium is sufficiently
established to ensure that the temperature can be maintained
- within the specified limits. Record a pressure versus strain
11 Swagelock is a registered trademark of Crawford Fitting Co. curve where possible.

10
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14.5.2.4 Obtain stress-strain data using the thick-walledExperience indicates that specimens can be brought to a
tube relationship for an unrestrained, uniformly, internallytemperature and the temperature stabilized adequately if suffi-

pressurized cylinder: cient attention is given to temperature adjustments prior to and

_ 2 2 2 o2 subsequent to applying the load. Short preheat times require

o= PR+ RIR™ R @) special attention to temperature variables prior to and after

where: loading the specimen. It has long been recognized that a
o = hoop stress, Pa, practice of heating the specimens to within 28°C of the

P = internal pressure, Pa, temperature in 2a 4 h with a final adjustment period of 20 h

R, = outside radius of the tube, mm, and results in good temperature stabilization. This practice is
R = inside radius of the tube, mm. preferred when such prolonged heating periods do not intro-

This equation is applicable even whBg= 1.05R,. duce structural changes that affect the properties of the material
14.5.3 Creep Test being tested or constitute poor utilization of equipment time.

14.5.3.1 Conduct temperature control and measurement iRote the practice that is used in the report.

accordance with Practice E 139 except for the following 14535 Apply the load in such a manner as to avoid shock
modifications: o ) o loads or overloading due to inertia. Apply the load in incre-
(1)_ Temperature variation of the specimen from the indicateqnents with strain readings between increments to provide
nominal test temperature shall not exceed3°C for the  gyress-strain data for the application of the load. Apply the load
duration of the test. _ _ as quickly as possible within these limitations. Strain measure-
(2) Measure indicated temperatures prior to adjustments ghents for creep tests should measure all of the creep after the

least twice every working day. load is applied and, preferably, should measure the strain from
(3) Continuously record the indicated test temperature by &pplying the load.

suitable device during the test.
(4) Indicated temperature variations along the gage length af,
the specimen should not exceed the following limits:

14.5.3.6 For rupture tests, provide a suitable means for
easuring the elapsed time between the complete application
of the load and the time at which the fracture of the specimen
Up to 540°C, incl +2°c occurs to within 1 % of the elapsed time.
540 to 1090°C, incl +3°C
Over 1090°C +4°C 14.5.3.7 If any temperature disturbances cause the tempera-
(5) Overheating prior to attaining the limits specified shall ture of the specimen to rise abo"‘? or below the limits Sp‘?c”‘ed’
not exceed 1 % above the indicated nominal test temperatur eject the test _and retest. Except|qn may be made to this when
the duration of such heating not to exceed 10 min. e length of time below the nominal temperature is so short

(6) The control of bending moment during the testing Ofthat it does not significantly influence the creep rate or rupture

irradiated material is an important consideration. It is recog—t'me‘ Allowing the temperature to fall below the nominal

nized there is dificulty in obtaining the required alignmenttemperature reduces creep rate and prolongs rupture time, both

standard specified in Practice E 139; however, make a co _haracterlstlcs being very sensitive to test temperatures. Low

certed effort to keep the bending moment as low as possible f F:mperatures usuglly do not damage the material as d_o higher
postirradiation testing. When possible, obtain and report th emperatures, which may accelerate the creep conS|derapIy.
alignment characteristics of the creep unit being used. .onsequently, undgr-temperatures should b.e cause for rejec-

14.5.3.2 The desirability of attaching the strain-measuringﬂ_?n only when the time at that temperature significantly alters
equipment to the specimen is clearly recognized; however, thi € test results.
is not always possible because of the difficulties sometimes 14-9.4 Tubular Creep Test o
encountered due to the use of manipulators. Under carefully 14.5.4.1 All of the test procedures described in 14.5.3 are
controlled conditions, make strain measurements by measurirgPplicable to the tubular creep tests. The following additional
the movement in the load train. When this method is used, tak@uidelines are provided:
the following precautions:1) make strain measurements on (1) Load Application-The biaxial strain in the tubular
control specimens by placing a suitable strain device on th&pecimens is generated by the internal gas pressure. Inert gases,
gage section of the specimen and on the load tr@ntHen  argon or helium, should be used to minimize reaction of the gas
make a correlation between the actual strain and the apparednd the cladding. A bottled gas with a precision pressure gage
strain, and §) test a sufficient control specimen to establish thisand regulator is satisfactory. The pressure gage should have an
correlation at each test temperature and for each method. accuracy oft 35 MPa. Apply the axial load using a constant

14.5.3.3 Place the specimen in the test equipment and brirlgad-lever-arm creep machine or a standard tensile test ma-
to uniform temperature, taking care not to overheat thechine. In either case, the machine should be equipped with an
specimen beyond the nominal temperature. automatic beam-leveling device.

14.5.3.4 Do not apply the load until the specimen is uni- (2) Strain MeassurementThe strain can be measured in a
formly heated and thermal equilibrium is sufficiently estab-number of ways, depending on the information needed and the
lished to ensure that the temperature can be maintained withaccuracy desired. Use micrometers and profilometers to mea-
the specified limits. Preheat for not lessritiah after obtaining sure the diametral strain where accuracy isn’t too important
equilibrium temperature. The most important feature governand where total plastic strain is desired. These devices are used
ing the preheat time before applying the load to the specimeduring post-test measurements and can only obtain data on
is the attainment of adequate control of the temperatureotal plastic strain. Measure axial strain with micrometers or by

11
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measuring the distance between fiducial marks. The axial strain strain of outer fibers. The stress calculated in the outer fibers
(plastic plus elastic) can also be measured by using cross heaghches a maximum before the maximum load is applied. Use
travel. The use of strain gages is recommended to obtain vempe following formula to calculate the stresses beyond the
accurate data for code development. Use both axial angroportional limit:

circumferential gages. They should have an accuracy- of _ 2

0.005 %, prefers?blgt 0.001 E’;o Take special care in atta%hing o = (@) [Pa+ (A2) (APIAZ) (3] ©)

the gages to ensure that the adhesive is compatible with theyhere:

cladding material, the gage can measure the amount of strainP P, — P;(corrected load), N

anticipated, and the adhesive can withstand the test temperatX = X, —X;(corrected strain), mm/mm,

ture. An automatic data acquisition system is recommended fot thickness, mm,

recording and evaluating the data. P = load, N, and

14.5.5 Fatigue Test a = distance, mm.

14.5.5.1 Conduct the temperature control and measurement14.5.6.7 Calculate the strain from the following formula:
in accordance with Practice E 139 as follows: { = 4st] 2 %

(1) Report the indicated test temperature continuously by
using a suitable device during hours when the test is unatwhere: _ _
tended. S deflection reading, mm
(2) Indicated temperature variations along the gage length oft thickness, mm, and

the specimens should not exceed the following limits: gage length, mm. _ _ _
14.5.6.8 Plot a stress-strain diagram using the information

Up to 540°C, incl +2°C i
540 to 1090°C, incl +3°C in 14.5.6.5-14.5.6.7.
Over 1090°C *4°C 14.5.7 Transient Test

Overheating prior to attaining the limits specified shall not 14.5.7.1 Obtain cladding mechanical property data for
exceed 1 % above the indicated nominal test temperature; tinalysis of fuel pin transient behavior under experimental

duration of such heating should not exceed 10 min. conditions in which the temperature ramps associated with
(3) Conduct strain measurement, if applicable during test, iféactor transients are simulated. The purpose of simulated

accordance with Practice E 606. transient testing of fuel cladding specimens is to define the
14.5.6 Bend Test failure stress and strain for cladding over a wide temperature
14.5.6.1 Conduct temperature control and measurement fi@nge for various heating rates. _

accordance with Test Methods E 8. 14.5.7.2 The equipment utilized for a transient test must

14.5.6.2 Measure strain by using strain gages (room teerl'OVide for rapid heating of the Specimen under a controlled
peratures) and a device to measure the radius of curvature fate. Commonly, an induction generator is used with closed-
the gage section at elevated temperature. For modulus detd@op control. A thermocouple spot-welded to the specimen or
minations, use an ASTM Type A extensometer. For routinetN equivalent temperature-sensing device such as an optical
testing use ASTM Type B-1 or B-2. Optical and mechanicalPyrometer provides the feedback for the control. The response

devices are acceptable for the above. rate of the temperature sensor must be rapid enough to keep
14.5.6.3 Measure the dimensions of the cross section of tHeace with the various heat rates involved. During the test,
specimen to within= 0.03 mm. monitor both the specimen pressure and temperature. Accom-

14.5.6.4 Load the specimen continuously at an initial outePlish pressure measurement conveniently with a strain-gage
fiber strain rate of 0.005 0.002/min at room temperature. If Pressure transducer, whose output can be monitored with a
the ductility of the sample exceeds 5 %, gradually increase theecorder. Measure the temperature with the controlling device.
strain rate on subsequent tests of similar material to 6:05 Additional thermocouples or other temperature sensing devices
0.2/min after 0.6 % offset or 1.0 % total strain is reached. Fofmay also be used. Generate the temperature ramps by a
elevated temperature testing, use an initial strain rate of 0.00%inction generator that is calibrated to the output of the

+ 0.002/min until a total strain of 1.0 % is reached and thertemperature sensing device or thermocouple. All temperature
change the rate to 0.05 0.02/min. and pressure measuring equipment should be calibrated and

14.5.6.5 In the elastic region, the stresses induced in &hould have a response time compatible with the transient.
bending beamp-' in megapascajS, are given by the flexure 14.5.7.3 When induction heating is Used, considerable care

formula as follows: is required in the design of the heating coil. The coil must
5 provide a uniform temperature along the length of the sample
o = 3palbt ®)  for the duration of the test. If different heating rates are to be
where: used, different coils may be required. Insulate the coil from the
P = load, N specimen with an appropriate insert or coating.
a = distance, mm 14.5.7.4 For other heating methods, use similar cladding
b = width of gage section, mm, and temperature profiles and conditions required by 14.5.7.3.
t = thickness of gage section, mm. Conduct the test according to the following sequences:

14.5.6.6 Beyond the elastic limit or proportional limit, the (1) If using a thermocouple, spot-weld it to the specimen
stress is no longer merely a function of the Idadbut rather  with the wires spaced about 1.5 mm apart. Check the continuity
is a function of the variation or change in load with the changeand resistance of thermocouple.
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(2) Place the specimen in the RF coil and connect the (5) Uniform elongation and method of measurement,
thermocouple and gas pressure line. Pressurize the specimen tq6) Total elongation, and
approximately 80 % of the test pressure and check for leaks. (7) Reduction of area.
(3) Heat the specimen to the desired initial temperature and 14.6.2.2 Burst Test
adjust the pressure to the desired level. Hold the specimen at(1) Yield strength,
this temperature until equilibrium has been attained. Check all (2) Hoop strength,
equipment to make sure that the proper settings have been(3) Location of rupture with regard to any surface defects,

achieved. _ weld locations, or any irregularities in the tubing, and
(4) Perform the test and terminate when burst occurs. Note (4) Method by which the fuel was removed from the tubing,
readings for test time, temperature, and pressure. where applicable.
(5) After the specimen has cooled, locate the rupture and 14.6.2.3Creep Tests
record the location. _ _ (1) Stress in megapascals,
(6) Measure the diameter of the specimen at increments (2) Time in hours for total or plastic strains of 0.1, 0.2, 0.5,
along the axis. 1.0, and up to 5 % if available,
14.6 Report: _ (3) Minimum creep rate in percent per hour,
14.6.1 General—The report, regardless of the mechanical (4) Transition to third stage creep in hours,
property test, shall include the following: (5) Test duration hours indicating whether rupture occurred,
14.6.1.1 Description of the material tested as recommended (g) Total extension for creep tests,
in14.1, (7) Elongation and reduction of area for rupture tests,

14.6.1.2 Description of the test specimen, size, shape, etc., (8) Primary creep behavior,
and if other than a standard specimen is used, include the data(g) From stress-rupture curves, determine the stress to

correlating the specimen used with a standard specimen, 1 ntyre for times of 1, 10, 100, 1000, 10 000, and 100 000 h.
14.6.1.3 Location and orientation of the test specimen in ther e ranolation is involved, the report must include the ranges

parent material, o , of rupture times and creep rates upon which the extrapolation
14.6.1.4 Data on radiation environment as recommended iR pased. and

Section 4:. . (10) Stress for designated creep rate of 0.000 01 and
(1) Irradiation temperature, 0.0001 %/h. If extrapolation is involved, the report must
(2) Neutron fluence, include the ranges of rupture times and creep rates upon which

(3) Reactor Iocatio_n, and the extrapolation is based.
(4) Coolant or environment. 14.6.2.4 Fatigue Tests
14.6.1.5 Trade name and model of testing machine, gripping (1) Speed of cycling in cycle per unit time

de\f{'ﬁes' exte(jnsomﬁter,fan?_k:ectc_)rdlng fCiEVICGS usetd in the teSt’(Z) Description of type of control used on fatigue machine
methods, and results of calibrations of the apparatus, gnd accuracy of this control,

14.6.1.6 Speed of testing, and method of measuring an (3) Number of cycles to failure for each test condition,

controlling the speed, Nyt ) . ; S
14.6.1.7 Temperature of the specimen during testing, de(ti)m?in'\ég'agrams’ it data permits or if endurance limit is

14.6.18 Atmosphere or medium surrounding the specimen (5) Mean stress, stress range, mean strain, and strain range,
during the test, and

14.6.1.9 Photographs of the fractured specimens, . .
14.6.1.10 Temperature gradients and method of determina- ©) Any datq or descryphor:c of the tesththat will aid in
tion, and comparison or interpretation of data, or both,
14.6.1.11 Test specimen axial or radial restraint. 114.%2.5I3|etnd|Te3t3 flecti ¢ trai
14.6.2 Specifie—In addition to the information required in (2) Yprlr:jp cte oah -ae g(:l(;on ors re§s-s r{;lllndcu][ves,
14.5, the following information shall be reported for each (2) Yield strength or yield point and method of measure-

- ent
specific test: ' i i .
14.6.2.1 Tension Test (3) Tensile strength, if obtained.

(1) Complete stress-strain curves (if a group of specimens 14:6-2.6Transient Test
exhibits similar stress-strain curves, a typical curve may be (1) Rate of heating,

reported for the group), (2) Failure temperature and pressure,
(2) Yield strength or yield point and method of measure- (3) Uniform failure strain, and o ,
ment, (4) Environmental conditions for specimen if irradiated prior
(3) Tensile strength, to testing.

(4) Fracture strength and fracture stress. (Fracture strength is
the load at fracture divided by the initial cross-sectional areal®: Keywords
Fracture stress is the load at fracture divided by the cross- 15.1 fuel cladding; mechanical testing; nuclear reactor fuel;
sectional area at the time of fracture.), radiation

13



b E 453

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, 100 Barr Harbor Drive, West Conshohocken, PA 19428.

This standard is copyrighted by ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States. Individual
reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above address or at 610-832-9585
(phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website (http://www.astm.org).
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