
RklL-SA--19682

I_92 01908,0

ASTM INTERNATIONAL SYMPOSIUM ON SMALL

' SPECIMEN TEST TECHNIQUES AND I'HEIR
"'.APPLICATIONS TO PRESSUREVESSEL ANNEALING

AND PLANT LIFE EXTENSION

_ .

_ ¢tl 0 _'_ U ,

D ,. _.,,4'r-g E_

:_ _ o__ F A Garner*w w." ,

_e8_ g_-,_" M. L, Hamilton
y.. _,,_ : H L Heinisch

_= _=._-.._ • .
_._._ _,_ _ A.S. Kumar

_._ _._,. _,__
< ._=_= : _,._ ,_ _-_anuarx1992

.__,._,___g _, Presented at the
= ='_.= _=
_ _ _ _ _ _ 7,,_ _ ASTM International Symposium

="__:_ =:_ _"_"_._,___"__ _ _ _o_=_o_L..,_=°,=_°==_i JanuaryNew Orleans,29-30, ._.. :_.___LUU',_ a._1992

=-_ : _"•8 _ Work supported by
_'_ ,..__ _ _ the LIS Department of Energy

' ' :'-;.:_ _ ,, _ .-_-.. under Contract DE-ACO6-76RLO 1830 ,;,,,,

• T? I; ,:' ,_:'_C

Pacific Northwest Laboratory x_,/c9 " ':',"_' _'_.,

Richland Washington 99352 .. - i_c2,9£_

%_
I_I_,'I'I-_L-_I I"r_raKi ra_- "rLllc'__ i-hr_t"_l _f_I2Kl'_/" I_ I IIk_l IIkAIT_I"_



r

ASTMInternational Symposium on Small Specimen Test Techniques and Their
Applications to Pressure Vessel Annealing and Plant Life Extension

F. A. Garner I, M. L. Hamilton I, H. L. Heinisch I
and A. S. Kumar2

Application of Miniature Tensile Specimens to
Studies of Radiation Damage in Metals

I Staff Scientist, Senior Scientist and Senior Scientist at Pacific
Northwest Laboratory _, P.O. Box 999, MSP8-15 Richland, WA99352, USA

Professor at the University of Missouri, Materials Research Center,
Rolla, MO65401, USA

ABSTRACT: Miniature sheet-type tensile specimens are currently being used in
a vari(:,ty of radiation damage studies conducted in a number of different
reactors. Although these specimens are very small (12.7 mmlong, 0.25 mm
thick, 1.0 mmgage width), they have proven successful in addressing issues
encountered in both thermal reactors and anticipated fusion reactors. ]his
paper reviews the results of a number of recent studies that illustrate the
range of applicability of these small specimens. Whencombined with other
types of specimens and other types of measurements made prior to tensile
testing, miniature tensile specimens have been found to serve as very useful
tools for application to both fundamental studies and alloy screening studies.
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Introductio;l

Irradiation experiments directed toward the neutron-induced embrittlement

of pressure vessel steels often involve the use of both tensile and Charpy

'impact specimens, but miniature versions of both types of specimens are

usually required to compensate for the small test volumes available in various

test reactors, lt is difficult, however, to decrease the size of Charpy

specimens below one-half or one-third of the standard size specified by ASTM

Standard E 23-86 and obtain meaningful data. Even with subsize Charpy

specimens, it is often difficult to irradiate enough specimens to cover the

full range of environmental interest, especially for a pressure vessel

annealing program involving an extensive time-temperature matrix, lt is

proposed in this paper that the simultaneous irradiation of both miniature

'tensile and miniature Charpy specimens allows an expansion of the specimen

matrix, provided that suitable property...property correlations are developed

and that the smallest practical miniature tensile specimens are used,

One of the smallest sheet-type tensile specimens is being used in a

variety of radiation damage studies conducted by the authors in a number of

different reactors. Figure I illustrates the small scale oi-" both the

specimens and the tensile frame. Although these specimens are very small

(12.7 mm long, 0.25 mmthick, 1.0 mmgage width) they have proven successful

in addressing issues r_levant to both operating fission reactors and

anticipated fusion reactors. This paper reviews the results of a number of

recent studies that illustrate the range of applicability of these small

specimens. When combined with other types of measurements made prior to

tensile testing, these miniature tensile specimens have been found to serve as
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very useful tools for application to both fundamental studies and alloy

screening studies. The production of the specimens, their testing, and the

analysis of the tensile data are described in references I and 2.

T.ype of Radiation Studies Using Minitensiles

Severalcategoriesof studiesare in progress. One category involvesthe

use of miniaturetensile specimensto develop and test models describingthe

microstructuraloriginsof radiationdamage in differentmaterials and diverse

irradiationenvironments. The second categoryaddressesthe factorsthat must

be consideredbefore data derived from such specimenscan be confidently

appliedto the solutionof any given problem. Size effects are important

here, but it should be noted that most irradiationstudiesproceed at

accelerateddisplacementrates and often 'indifferentneutron spectrathan are

found in the environmentwhere the radiationdamage problemarose. Thus,

fundamentally-orientedstudies are required on the effectsof size,

displacementrate, neutron spectraand temperature/fluxhistory.

The third category involves the application of miniature tensile

specimens to specific material's problems. This includes broad exploratory

studies, more specific alloy screening and optimization studies, development

of property-property correlations, and data base development fdr selected

candidate materials.
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Microstructurally-oriented Studies

Side-by-side irradiation of miniature tensile specimens and 3 mm

microscopy disks allows the examination of the microstructural origins of the

radiation-induced changes in tensile properties while avoiding pr(_blems

associated wi+;_ gradients in neutron flux or temperature. Microscopy

specimens can also be made from the end tabs of untested specimens. This

side-by-side approach is important because the microstructural components that

lead to hardening or softening vary not only with the materials being studied

but also with the irradiation environment, particularly temperature and atomic

displacement rate.

For annealed metals irradiated at relatively low temperatures to very low

displacement levels (<<I dpa),1 the radiation damage usually consists of

small clusters of interstitial atoms coexisting with small vacancy clusters.

These clusters can reorganize themselves into dislocation loops or stacking

fault tetrahedra, but all serve as obstacles to dislocation motion. The

resultant changes in .yield strength are postulated to vary as the square root

of the cluster density. J3] Using both miniature tensile specimens and

microscopy disks cut from their end tabs Yoshida, Heinisch, and coworkers

[4,5] showed that this relationship was consistent for microscopy-visible

clusters at two temperatures (363 and 563K) for annealed 316 stainless steel

when irradiated in two different neutron spectra (OWRand RTNS-II) 2, as shown

in Figure 2. Muroga, Heinisch, and coworkers [6] also confirmed the

i dpa = displacements per atom, a standardized damage exposure
parameter.

2 OmegaWest Reactor and Rotating Target Neutron Source-ll



applicability of this model to annealed pure copper irradiated at 316-363K in

three quite different spectra, that of OWR,RTNS-II and LASREF.3

At higher irradiation temperatures and high dose levels, the

microstructural evolution can be much more complex_ involving tile relaxation

or alteration of pre-existing microstructural components and the simultaneous

formation of precipitates, bubbles, voids, dislocation loops, and network

dislocations. The matrix composition can also change significantly as a

function of precipitation and/or transmutation in some alloys. In one series

of studies conducted in FFTF4 on three FeCrNi alloys at 638-873K, for

example, it was shown that the influence of alloy composition, metallurgical

starting condition, helium generation rate, and irradiation conditions on the

radiation-induced evolution of room temperature tensile properties could be

described by conventional hardening theory involving the interaction of the

radiation-dependent dislocation network with the various long range and short

range obstacles. [7-9] In another series of studies on copper alloys

irradiated at --673K in FFTF to very large exposures (16-150 dpa), it was shown

that the quite different tensile response at room temperature of various

irradiated copper alloys could be explained in terms of microstructural

processes that were strongly influenced by atomic displacements, leading to

enhanced diffusion, void growth, precipitate aging and/or dissolution. These

processes were also sometimes influenced by the large level of solid

transmutants formed. [10-13]

3 Los Alamos Spallation Radiation Effects Facility

Fast Flux Test Facility in Richland, WA.
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lt has also been shown that miniature tensile tests can be used as a

microstructural probe to identify the existence of hardening contributions

that are not easily imaged using electron microscopy. Examples of such

contributions are short-range order, spinodal decomposition on a fine scale

and sub-resolvable defect clusters. For example, Brager, Garner, and Hamilton

[14] found using miniature specimens that a significant and unresolved

component of hardening developed in Fe-Cr-Ni alloys in the Invar compositional

regime. They proposed that the hardening was a consequence of radiation-

induced spinodal-like oscillations on a scale smaller than could be resolved

using energy dispersive x-ray microchemical analysis. These oscillations are

otherwise invisible using transmission electron microscopy. Subsequent

studies later demonstrated that spinodal.-like decomposition indeed occurred in

these alloys. [15-17] lt was later shown by A_d_ and coworkers [18] that

similar hardening developed in Fe-16Cr-Ni alloys at higher nickel levels not

only during electron irradiation, but also during thermal aging. The

hardening was attributed to local ordering.

Grossbeck and coworkers [19] recently found that tensile change data on

an irradiated titanium-modified stainless steel could only be explained if an

unresolved component of hardening developed at the higher end (603-673K) of

the 333-673K temperature range explored. Several potential hardening

components were identified by Grossbeck as requiring further study.

Sekimura, Garner and Griffin [20] also showed that the increased

hardening observed in the ORR5 reactor compared 'to that in EBR-II 6 was indeed

s Oak Ridge Research Reactor

G Experimental Breeder Reactor



the direct result of an unprecedented refinement of cavity microstructure that

resulted from an unanticipated interaction of the reactor's rather unih'_e

temperature history with the high helium generation rate produced in these

materials by the ORRneutron spectrum.

In some cases, however, the concurrent use of other techniques can aid

the microscopy analysis to identify and describe the unresolvable hardening

componentsindicatedby the tensile results. Brager,Garner, and Panayotou

[21] used coupledmicrohardnessand microscop)measurementsin a very low dose

(<0.003dpa at 298K) study of neutron-irradiatedcopper alloys to conclude

that -70% of the defect clusterswere smallerthan resolvableby microscopy

(~I nm), thereby explainingthe disparity betweenmicrostructure-based

predictionsand miniaturetensiledata. This la_'gefractionof unresolvable

clusterswas thought at the time to present a significantproblem in the

tensile-microstructuralcorrelationsunder developmentby Heinisch and

coworkersirlan extensivestudy on the effectsof neutronspectrumon damage

development.[22-25] Since Heinisch'sstudiesproceededat higher

temperatures(363 and 563K) and to larger doses, where the cluster sizes were

larger,the fractionof unresolvedclusterswas much smallerthan those at

298K. Thus, the resolutionproblems in his studieswere found to be smaller

than originallyanticipated.

Zinkle and Kulcinski [26] later extended the study of Brager and

coworkersat 298K, adding resistivitymeasurementsto those of microhardness

and microscopy.[25] Since resistivityis much more sensitivethan

microhardnessto smallerdefect clusters, it became possibleto provide a much

better descriptionof the clusterdistributionand to relate this distribution



to the hardnessand tensile propertychanges typicallyobserved at low dpa

levels and temperatures.

In the copper irradiation studies conducted at much higher temperatures

(673-793K) by Garner, Hamilton, Edwards and coworkers [10-13, 27-31],

electrical resistivity (performed on the gage portion of the minitensile prior

to the tensile test), density ch_xngemeasurements and fractography were also

used to complement the results of tensile tests and thereby unravel the

details of the microstructural and microchemical evolu_ion in each alloy.

Size Effects Studies

The confidentapplicationof such small tensile specimensrequiresthat

some estimatebe made of the validityof the tensile measurements,and of the

relationshipbetweenthe measured bulk and small specimen valueswhen the two

diverge. Panayotouand coworkers [I] demonstratedthat the miniature tensile

specimensused in the majority of the studiesdescribed in this paper yielded

representativestrength and ductilitydata at room temperaturefor three

unirradiated alloys (20% cold worked 316, austenized and tempered HT9, and the

age hardenable copper alloy CuBeNi) when compared to other commonly used

larger specimen sizes and geometries. The assumption was made at that time

that representative values would also be obtaiped from irradiated specimens.

Igata and coworkers [32] explored in some detail the dependence of room

temperature tensile properties of 304 and 316 stainless steel for _ thin

unirradiated specimens and found that the properties exhibited a dependence on

both grain size and specimen thickness, but above a critical ratio of specimen
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thickness to grain size, the 0.2% yield strength was equal to the bulk value.

Igata also found that a thickness of 200_m was required before the total

elongation was equal to the bulk value for these steels. Conclusions similar

to those of Igata were reached by Rickerby and coworkers [33] for annealed

type 316 stainless steel in the range 297 to I123K, providing the thickness

was greater than-2.5 times the grain size, with the total elongation falling

with decreasing thickness for very thin foils.

Kohyama and coworkers [34-36] later showed that the yield stress at room

temperature of ferritic alloys exposed to relatively low doses of 14 MeV

neutrons at 300, 473, and 673K was not dependent on specimen thickness as long

as the thickness was larger than 0.1 mm. lt was also shown, however, that 'the

ultimate strength and dniform strain were somewhat dependent on specimen size,

the difference varying with total displacement level. The smallest specimen

employed in Kohyama's studies was thinner (0.15 mmvs 0.2._ mm) but otherwise

comparable to that employed by the authors of this paper.

The applicability of miniature tensile specimens to materials irradiated

to very high displacement levels and at much higher irradiation temperatures

is currently being studied jointly in FFTF by Kohyama's group and the authors

of this paper, using a wide range of specimen thicknesses and two specimen

sizes. Two well-characterized alloys, one austenitic and one

ferritic/martensitic in nature, are involved in this irradiation series. An

automated tensile machine will be used to explore the influence of size

effects on tensile properties during either room temperature or elevated

temperature testing. [37]



As shown in Figure 3, Garner, Hamilton_ and coworkers [38,39]

demonstrated that unirradiated minitensile specimens employed in their study

of Fe-Cr-Ni austenitic alloys yielded room temperature tensile properties that

were comparable to those derived from much larger specimens used in several

earlier studies. [40] Both annealed and cold-worked specimens were employed

in these studies. The data on irradiated specimens will be covered in a later

section.

lt appears, therefore, that the tensile specimens of the size shown in

Figure I can provide representative yield strengths and reasonably

representative elongations for some materials but not others, depending not

only on the material but also on the irradiation conditions. Some fraction of

the divergence in the various studies quoted in this section may be due to the

specimen preparation technique, as discussed in reference 2.

Envi ronmental ly-ori ented studies

One of the major uses to date of the miniature specimens shown in Figure

I has been the examination of the effects of neutron spectra and displacement

rate on damage accumulation. Understanding of the role of these parameters is

required for interpretation of surveillance data for pressure vessel steels

and for the use of fission reactors as surrogates to generate data for design

of fusion reactors. Heinisch and coworkers [22-25] have conducted a number of

studies directed toward understanding the influence of these important

variables.



In the early days of fusion reactor materials development there was a

concern that high energy neutrons resulting from the D-T fusion reaction might

produce displacement cascades in irradiated materials that were significantly

different from those produced by fission neutrons. Heinisch and coworkers

[22-25] irradiated miniature tensile specimens of various metals and alloys to

low doses in three widely disparate neutron spectra that encompass the range

between pure fusion (14 MeV) and several typical spectra used for radiation

experiments. Tensile tests conducted on these irradiated specimens at room

temperature showed that similar damage was produced by 14 MeV (fusion) and

fission reactor neutrons when correlated using the dpa concept. Computer

simulations by Heinisch [41] shGwed that such correlations work because of the

formation of subcascades at high cascade energies. Based on the results of

these and other studies, [42-44]the followingconclusionscan be drawn

concerningthe effects of neutron spectraon radiation-inducedchanges in

tensileproperties:

(i) If a large fraction of the displacement damage arises from the high

energy cascade-producing neutrons, the irradiation-induced hardening of

alloys correlates very well using dpa as a correlation parameter, as

shown in Figure 4. This conclusion does not always hold in pure metals,

however, as demonstrated for pure copper in Figure 5. lhis difference in

behavior is not yet fully understood. Copper alloyed with 5 wt% of Mn,

Ni, or AI, or 0.25 wt% of AI_O3 does not exhibit such a disparity. [24]

(2) ll; a significant fraction of the displacement damage is produced by

epithermal and thermal neutrons, dpa may not be a good correlation



parameter. A damage parameter' based on the production of "available" or

"freely-migrating" defects may be more appropriate, [42-,43]

(3) The influence of displacement rate on hardening and embrittlement does

not appear to be significant for relatively low irradiation temperatures,

comparable to those experienced by pressure vessels. [44] For high dose

and high temperature irradiations typical of fusion or breeder reactors,

this conclusign is not true, and rate effects ,carl be very important,

particularly in the transient regime of microstructural evolution. 1"45]

Tile latter conclusion concerning low temperature irradiation arises from

the lack of influence of the wide range of displacement rate._ associated with

the data of Figures 4 and 5 and also from a similar comparative study by

Hamilton and Heinisch [44] involving A302B and A212B pressure vessel steels

shown in Figure 5. The range of displacement rates involved in the pressure

vessel study of Hamiltor, and Heinisch relative to those of the recent HFIR

pressure vessel embrittlernent problenl [46] is shown in Figure 7,

There are other aspects of the neutron spectrum that are of interest when

"surrogate" spectra are employed in radiation damage studies, particularly at

high neutron exposure levels. [45,47,48] These are the solid and gaseous

transmutation products that can form at very high levels in some materials.

The production rates of most transmutation produc.ts are very sensitive to

neutron spectrum. While helium is tile nlost important gaseous product,

hydrogen production is large in some materials, although hydrogen has not

received as much attention as helium. Solid transmutation products have not

been found to be ve_y importarlt in typical st.ructural steels, but they are



important in other alloys "_uch as those based on copper, [45] aluminum [49]

and vanadium base alloys. [50,51]

The following sections present some results from two ongoing studies that

employ miniature 'tensile specimens to study the effects of transmutants. One

of these addresses the influence of helium in austenitic steels and the other

is directed toward the impact of solid transmutation products in cop_er alloys

during ir, adiation.

Isotopic Taiioring__E.xperiments in FFTF

Until recently it has been impossible 'to conduct experiments in which

spectrum-related parameters such as the helium/dpa ratio were varied without

also accepting variations in other important parameters, such as displacement

rate or temperature history. A technique currently being used, however,

allows the study of the influence of helium alo,ne on density change,

microstructural evolution, and tensile properties, lhis technique utilizes

isotopic tailoring to vary the helium production rate without introducing

changes in neutron spectrum or displacement rate. [52,53] lt is possible to

generate substantial variations in helium/dpa ratio without varying any other

important parameter by using alloys whose only difference is in either the

_SNi/6°Ni ratio or the presence or absence of 5_Ni, an isotope that does not

" occur naturally, The isotopically different specimens are then irradiated

side by side in the appropriate reactor spectra. A series of such experiments

5Q
involving Ni doping have been undergoing irradiation in the FFTF reactor

using the Materials Open Test Assembly (MOTA), in which temperatures are

controlled to ±5°C. [52]



A particular advantage of comparative isotopic doping experiments is that

one need not be concerned with the details of temperature history, which are

now known to strongly influence the outcome of some fission-fusion correlation

experiments. [54] Since both doped (59Ni added) and undoped specimens are

irradiated side by side, the primary variable, is the helium/dpa ratio. In

FFTF the production rate of helium in doped specimens i_ also nearly constant

throughout the experiment, provided that no changes occur in the neutron

environment. Relatively small variations in helium production rate do occur,

however, in both sets of a11oys 'in response to burn-in or burn-out of SgNi.

[55]

The alloys employed in this study were Fe-15Cr-25Ni, Fe-15Cr-25Ni-O.O4P

and Fe-15Cr-45Ni (wt%) in both the cold worked and annealed conditions. The

acquisition of the S_Ni, the production of the 59Ni-doped tensile specimens,

and their irradiation conditions were described by Simons and coworkers. [52]

Microscopy disks were also prepared and irradiated; the results of

transmission electron microscopy (TEM) examinations are described in detail in
z

o references 7-9. The miniature tensile specimens were tested at room

temperature at a strain rate of 4.7 x 10_ sec_ in the horizontal test frame

described in reference i.

= Although tile experimerlt was conducted at four irradiation temperatures,

[38,39] only the results at two temperatures will be shown in this paper' to

demonstrate the utility of the isotopic doping technique. Figure 8 shows

that, in the absence of variations in displacement rate or temperature, the

yield strength of each of the three alloys during isothermal irradiation at

365°C converged at a saturation level that was independent of both the



thermomechanicalstarting conditionand the helium generationrate, which in

this case varied from 0.5 to 15 appm/dpa. The total elongationof the alloys

also convergedto a saturationvalue independentof these variables. Similar

behaviorwas also observed at two other irradiationtemperatures,but the

saturationlevel of the yield strengthfell with increasingirradiation

temperature,and the saturationlevel for the total elongationincreasedwith

irradiationtemperature.

lt is also possibleto study temperaturehistoryeffectsusing this

technique,although in the followingexamplethe experimenttook advantageof

an experimentalaccident that caused a significantdifferencein temperature

history. The originalexperimentwas initiatedin MOTA ID in FFTF cycle 7,

but a short (-50 minutes) and severetemperatureexcursionreferredto as an

"overtemperatureevent" compromisedthe integrityof many of the experiments

in the MOTA. A decisionwas made, therefore,to run the MOTA in the helium--
I

purged mode for the remainderof FFTF cycles 7 and 8 while a series of

reactivityfeedbacktests were conductedduring which the majority of the MOTA

canistersoperated at variable but lower-than-targetedtemperaturesuntil the

end of MOTA ID.

Irradiation of the compromised sequence at 495°C was continued into MOTA

IE and beyond,along with a replacementseries that had not experiencedthe

non-isothermalhistory. At 495°C only annealed tensile specimenswere

irradiated,and it is thereforenot possible to confirm from tensile tests

alone that convergenceoccurs at this temperature. TEM disks were irradiated

at 495°C in both the annealed and cold worked conditions,and convergent

. microstructures appear to have developed in both, regardless of helium



generation or thermomechanicalstarting condition.[7-9] The data at 495°C do

demonstrateanothertype of convergence,however. Note in Figure 9 that the

strength of the originalcompromisedspecimens(i.e.,those that were

subjectedto the overtemperatureand subsequentlow temperatureirradiation)

initiallyreached a very high level and then fell to lower levelsduring the

second and third irradiationsequences. The specimensin the replacement

sequence,however, reachedthe same lower levelsdirectly. Similarbut

invertedbehavior is evident in the correspondingelongationdata at 495°C, as

also shown in Figure 9. The specimensexhibitedlower ductilitylevels

initially,followedby higher ductilitylevelswhen the originallyintended

irradiationtemperaturewas reestablished. Thus, both the microstructureand

the tensile propertiesconverge at levelsdependentmore on the recent

irradiationtemperaturethan on earlier temperaturehistory.

The high strengthlevels that were reachedoriginallydid not arise from

the temperatureexcursion itself,however,but from the prolongedirradiation

at the lower temperaturesduring cycle 8 that followedthe overtemperature

event. The higher densityof rnicrostructuralfeatures and the resulting

higher strength and lower ductilitythat developedat the lower temperatures

were then replacedby microstructuresand tensilepropertiesmore appropriate

to the temperaturesachieved in the second and thlrd irradiationsegments.

The most significant feature of the isotopic tailoring data shown in

Figures 8 and 9 as well as in other irradiation sequences [39] is the relative

unimportance of isotopic doping at all test temperatures in determining the

yield strength. Also significant is the tendency toward convergence of the

data for bot'l annealed and cold worked specimens to saturation levels that
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depend only on alloy compositionand irradiationtemperature• A similar

convergencewas observedpreviouslyin 316 stainlesssteel o_lera wide range

of irradiationtemperatures,with convergencelevelsdependenton both

temperatureand displacementrate. [45,56]

lt appears that the heliumgeneration rate in this experiment is of

minimal importancecomparedwith the other variablesstudied. In the absence

of variations in displacementrate, the influenceof helium is minor. A

similarconclusionwas reachedby Mansur and Grossbeck[57] in a comparisonof

data from EBR-II and the High Flux IsotopeReactor (HFIR)on PCA, the Prime

CandidateAlloy of the fusion materialsprogram. Although the displacement

rates in the two reactorswere comparable,the differencesin helium

generationrates in that comparisonwere even larger than in the current

experiment.

Copper IrradiationExperimentsin FFTF

For constructionof the InternationalThermonuclearExperimentalReactor

(ITER),relativelypure copper and oxide dispersionstrengthened(ODS) copper

have been selected to serve as the high heat flux materials and structural

materials,respectively,for the diverter assembly. Copper alloys may also

serve in commercialfusion reactors. The choice of the ODS type of copper

alloy was a direct result of a series of tests conductedon miniature tensile

specimensand microscopydisks irradiatedin FFTF/MOTA.[10-13,27-30]

Earliercandidates such as CuNiBe and MZC alloyswere assigneda less

favorablerating after being examined in these studies. Typical stress-strain

curves are shown in Figure 10.



One major complication in these studies is the highly spectrum-dependent

transmutation of copper to nickel, zinc and cobalt (in order of decreasing

formation rate), reaching 5% Ni, 0.6% Zn, and 0.2% Co after five years of

operation under proposed commercial fusion reactor conditions. [45] As shown

in Figure 11 the addition of nickel to copper by transmutation in FFTF, or by

prior inclusion, causes large changes to its electrical conductivity, although

its impact on void swelling and tensile properties is not very significant.

The conductivity also falls strongly with the onset of void swelling, which is

larger at-400°C than at 529°C. The larqe level of swelling that occurs in

copper also leads to a very unusual fracture behavior, as shown in Figure 12.

The interaction between transmutants, solutes, cold work-induced

dislocations, and aging of pre-existing precipitates can be rather complex in

copper alloys and may be different for each property measured. The quite

different behaviors of Cu-2Be and CuNiBe shown in Figure 13 demonstrate this

complexity very weil. Note, for instance, that Cu-2Be does not decline in

conductivity with continued irradiation in the manner shown by CuNiBe (Cu-

1.8Ni-O.3Be). Using the combined techniques of microscopy, electrical

resistivity, tensile testing and fractography, it was found that the

progressive addition of transmuted nickel drives residual Be out of solution,

forming a greater amount of beryl lide precipitates. The impact on the

electrical conductivity of the gradual loss of Be from the alloy matrix is

balanced out by the continuous addition of Ni. In CuNiBe the Be was already

driven out of solution by the large level (1.8%) nickel existing prior to

irradiation. The absence of Be in solution in CuNiBe also leads to larger

swelling, thus causing a greater drop in the conductivity.
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Other Types of Studies

Severalstudies involvingminiaturetensile specimensare in progress to

determinethe suitabilityof the FeCrMn austeniticalloys and FeCrWV

ferritic/martensiticalloys as replacementsfor conventionalalloys that

exhibit a much higher level of long-termradioactivation.[58-60] Various

•Fundamentalstudiesare also in progress in a variety of reactors. A typical

example is directed toward the compositiondependence of irradiation-induced

hardening in Fe-(3-18)Crbinary alloys in FFTF. [61] Another study involves

the side-by-sideirradiationof miniaturetensile specimensand low cycle

fatigue specimensin the DR-3 reactor (RISO,Denmark) as well as in EBR-II.

Nowthat the spectral effects studies of Heinisch and coworkers have

shown that the correlationof hardeningdata using dpa as the correlation

parameter is valid for the LASREF facility as well as for other facilities,a

series of tests are in progressor are being planned to take advantageof the

unique advantagesof the LASREFfacility.[62] These tests involve (a) the

influenceof copper level on embrittlementof A533B pressure vessel steel; (b)

the dose and temperature dependence of pressure vessel embrittlement,

exploring the question of damage saturation; and (c) an extensive property-

property correlation experiment utilizing side-by-side irradiation of

microscopy disks, miniature tensiles, sub-size Charpy specimens and sub-size
o

fracture toughness specimens.

Conclusions



A large variety of experiments have shown the wide utility of miniature

tensile specimens for irradiation tests, particularly when combined with

concurrent irradiation of other types of specimens and when subjected to other

test techniques. The application of miniature tensile specimens to pressure

vessel embrittlement and annealing studies appears to offer significant

advantages for future experiments.
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Figure Ca_s

FIG. l-.-Horizontal test frame and miniature sheet-type tensile specimens
employed in a large variety of radiation damage studies. [I[ Since the
specimens are held in wedge grips, all strain is confined to the gage section
of the miniature specimens.

FIG. 2--Plot of yield strength change vs. the square root of defect density
for solution annealed 316 stainless steel irradiated in two diverse

irradiation facilities at two temperatures. [4,5]

FIG. 3-.-Comparison of the yield strengths observed in unirradiated Fe-15Cr-
25Ni, Fe-15Cr-25Ni-O.O4P, and Fe-15Cr-45Ni minitensiles employed in the S_Ni
isotopic doping experiment in FFTF-MOTA with the larger specimens used in
earlier experiments. [38,40]

FIG. 4--Yield strength changes for annealed Type 316 stainless steel
irradiated in three disparate neutron spectra a.t significantly different

: displacement rates at 328-363K, showing suitability of displacements per atom
(dpa) as an effective correlation parameter. [25] Similar behavior was
observed in most alloys.

FIG. 5--Yield strength behavior of pure copper in the same experiment as that
: of Figure 4. In some pure metals dpa was found not to be an effective

correlation parameter. [25]

FIG. 6--Yield strength changes in A212B and A302B following irradiation at
363K in RTNS-II and OWR. R-I and R-2 refer to separate RTNS-II irradiations,
which proceeded at slightly different ranges of displacement rate. [44]

FIG. /--Schematic representation of the dependence on displacement rate of
yield strength changes observed in the study of Hamilton and Heinisch compared
to those observed in HFIR and ORR. [44]

FIG. 8_-Influence of thermomechanical starting state and isotopic doping on
yield strength and elongation of three Fe-15Cr-Ni alloys irradiated in FFTF-
MOTA at 365°C. Filled and open symbols denote annealed and cold worked
specimens, respectively. [39]

FIG. 9--Influence of isotopic doping and temperature history on the yield
strength and elongation of annealed Fe-15Cr-Ni alloys following irradiation in
FFTF-MOTA at 495°C. The dotted line corresponds to the isothermal repeat
sequence. [39]

FIG. lO--lypical stress-strain curves observed in two copper alloys after
either thermal aging or irradiation irl FFTF. CuAl25 is an oxide dispersion
strengthened alloy chosen for fusion high heat flux service.

_- FIG. 11--Comparison of swelling and conductivity changes of pure copper and
Cu-5Ni observed after FFTF irradiation. [27]

: FIG. 12--Unusual fracture surfaces observed in highly voided pure copper
irradiated in FFTF-MOTA to 50 dpa at 411°C. [11] The lower figure shows a
grain boundary region.



FIG. 13--Swelling, conductivity, and tensile strength measured irt beryllium-
containing alloys after' irradiation at 411-430°C. Gen. I and Gen. 2 refer to
the first arld second irradiation series in FFTF-MOTA, respectively. [27]
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