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INFLUENCEOF COLDWORKAND PHOSPHORUSCONTENTON

NEUTRON-INDUCEDSWELLINGOF Fe-Cr-Ni ALLOYS

F. A. Garner (Pacific Northwest Laboratory) (a)

OBJECTIVE

The overallobjectiveof this effort was to determinethe origin of the

sensitivityof void swellingand mi'rostructuralevolution in irradiated

metals to environmentaland material variables. A more specific objectivewas

to assist in the interpretationof the resultsof the 59Ni doping experiment

designed to study the separateand synergisticeffects of helium and other

variables. Two of these variablesare cold workingand phosphoruscontent.

SUMMARY

Phosphorusadditionscan either increa_?or decrease void swellingof

Fe-Cr-Nialloys,dependingon irradiationtemperature,phosphoruslevel and

cold work level. The role of cold work is not always to suppress swelling in

Fe-Cr-Ni-Palloys,however,particularlyat relativelyhigher irradiation

temperatures,where cold working often increasesswelling substantially.

INTRODUCTION

Frequentlyone can generalizethe action of a particularvariableon a

given physicalprocess in terms of its most often observed behavior,which

would indicatea singlemajor role for that variable. For example, it is well

establishedthat the additionof either phosphorusor silicongenerally

suppressesthe onset of void swelling in austeniticalloys. Recently,

however, it has been shown that under some conditionsthe additionof

relativelylow levels of either solute can substantiallyincreaseswelling in

simple Fe-Cr-Nialloys,(1'2) as shown in Figures I and 2. Tiliscomplex

behavior is thoughtto indicatethat two or more competingmechanisms

(a) Operated for the U.S. Departmentof Energyby Battelle Memorial Institute
under ContractDE-ACO6-76RLO1830.
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invol,_ingthese elementsare operatingto control swellingand that in some

cases the competitionis dominatedby a secondaryor tertiarymechanism.

As reviewed in reference I, phosphorusforms precipitatesat relatively

....high temperaturesand concentrationlevels and strongly interactswith both

vacanciesand interstitialsat all temperatures. Phosphorus also acts to

maintain dislocationsinducedby cold working, although this latter possi-

bility has not been explored previouslyin simple austeniticalloys. A search

was thereforeinitiatedfor previouslyirradiatedspecimensthat would allow

study of the interactiveeffects of phosphorusand cold work.

The most extensiveset of such specimenswas found in the 59Ni-doping

helium effectsexperimentsconductedin FFTF on Fe-15Cr-25Niand Fe-15Cr-

25Ni-O.O4P (wt%).(3"5) Unfortunately,the major influenceof phosphorusin

increasingswellinglies in the range below 0.04% and at temperaturesbelow

-500°C. In this temperaturerange of the 59Ni _.xperiment,densitydata have

been measured only for the first dischargeat 5.2 dpa, which is below the

thresholdof significantswelling. Higher exposuredata are now being

accumulated.

In anotherexperiment,however,four nominallyidenticalFe-15Cr-25Ni

alloys, varyingprimarilyin phosphoruscontent,were irradiatedas TEM disks

in the FFTF fast reactorto doses in excess of 30 dpa at 420, 520 and 600°C

(_+5°C)in both the annealedand 30% cold worked conditions. The compositions

of these alloys in Table I, are identicalto those that were irradiatedin

EBR-II and shown in Figure I. Immersiondensitymeasurementswere performed

on two identicalspecimensat each condition.

TABLE I. Phosphorus-ModifiedAlloys Irradiatedin
FFTF-MOTAto >30 dpa

E33 Fe-25.8Ni-14.8Cr(_<O.O05P)

EI03 Fe-24.iNi-14.7Cr-O.013P

EI04 Fe-25.0Ni-15.2Cr-O.055P

EI05 Fe-24.7Ni-15.3Cr-O.]OP

One of the alloys in this experiment,EI04 (Fe-15Cr-25Ni-O.O55P),was

also irradiatedas TEM disks in EBR-IIin the AA'XIV experimentto 14 dpa at

425, 500 and 600°C. In this experimentthe alloys were irradiatedin each of



the annealed (975°C/10m/WQ),30% cold worked, and the cold worked and aged

(650°C/IOm/WQ)conditions. Immersiondensitymeasurementswere performedon

one specimen each of every combinationof startingconditionand irradiation

temperature.

RESULTS

Swelling values for the FFTF irradiationwere calculatedfrom density

changedata and are shown in Figure3. Each data point, with one exception,

representsthe averageof two separatebut identicaldisks, whose densities

agree within the +0.16% establishedas the convergencecriterionfor this

measurementtechnique. The exceptionwas the cold worked alloy E33 (lowest

phosphoruslevel) at 420°C,where some variabilitywas observed.

At 420°C and 36.6 dpa the swellingbehaviorobserved in FFTF in both the

annealed and cold worked specimensmirrors that seen in the same alloyswhen

irradiatedin the annealedcondition in EBR-II at 399 and 427°C,illustrating

once again the variousoutcomesof the competitionof those mechanisms
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FIGURE 3. Swellingof Phosphorus-ModifiedFe-15Cr-25NiAlloys
Observed in FFTF



associatedwith phosphorus. Cold working reduces swellingat 420°C,in

agreementwith the generalobservationof cold work's influence. The swelling

falls quickly at higher temperaturesin the annealedlow phosphorus alloy, as

was also observed in EBR-II. The curves for annealedmaterials at 520 and

600°Calso exhibitthe same dependenceon phosphoruscontent as those observed

in EBR-II.

There were severalunusualfeaturesobserved in these data, however.

First,the cold worked conditionswelledmore than the annealedconditionat

520 and 600°C. Second,and possiblyeven more important,the reversal in

swellingbehaviorwith cold work was observed even in the lowest phosphorus

alloy E33. Third, in the cold worked conditionalloy E33 swelledmore at

600% and 31.8 dpa than at 520°Cand 34.7 dpa, as illustratedin Figure 4.

This behaviorwith temperaturewas unexpectedand indicatesthat the inter-

actions of cold work with both phosphorusand temperatureare more complex

than previouslyenvisioned.

The densitychange data of alloy EI04 from the EBR-II AA-XIV experiment

are shown in Table 2. The decreaseof swellingwith cold work at 420% is
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TABLE2. Swelling (in %) of Alloy EI04 (Fe-15Cr-25Ni-O.O55P) in the
AA-XlV Experiment Irradiated in EBR-II to 14 dpa

Temperature, °C Annealed Cold Worked Cold Worked and Aqed

420 1.79 0.28 -0.36

500 -0.21 -0.28 NA(a)

600 -0.03 NA(a) NA(a)

(a) NA : not available.

consistentwith the behaviorobserved in FFTF. The influenceof increasin9

temperatureat this low dose level does not yield the increasein swelling

observed in FFTF, however.

DISCUSSIOB

The effects of cold working on complexalloys have been studied in many

investigations,but only a few studieshave exploredthe effectsof cold

working on singleFe-Cr-Niternary alloys. In one recent study conductedat

very high helium/dparatios in ORR, Fe-25Ni-15Crsuffereda reductionin

swellingfrom 1.04 to 0.29% upon30% cold working and irradiationat 500°C to

13.6 dpa.(6) Swelling at other irradiationtemperaturesin this experiment

was too low to observe the influenceof cold work. Similarbehaviorwas

observed in Fe-35Ni-15Crat 500°C,fallingfrom 0.55 to -0.11%with cold work.

The 59Ni-dopingexperimentat 495°Cand 14 dpa showed a reductionin

swellingwith cold work in Fe-15Cr-25Niin the undopedconditionand essen-

tially no differencein the doped condition,which experienceda higher

helium/dparatio.(5) At 600°Cand 8.8 dpa this experimentdid not produce

sufficientswelling in Fe-15Cr25Ni to assess the impact of cold work.(4)

However,there did appear to be a slight enhancementof swelling in both the

cold worked and annealedundopedconditionswith phosphorusaddition at 600%,

in agreementwith the present study.

The previouslypublishedEBR-IIstudies from the AA-VII experiment(1'7)

all involvedthe irradiationof ternaryFe-Cr-Ni alloys in the annealed condi-

tion. In one experimentdesignatedAA-XII, however,both the annealed and 30%

cold worked conditionsof alloy E20 (Fe-24.4Ni-14.9Crwith _0.005 P) were

irradiatedside-by-sidein EBR-IIat 425 and 540°Cto 18.5 and 24.5 dpa,



respectively.(8) The E20 alloy and the E33 alloy of the current study are

quite similar alloysprepared by the same vendor at the same time.

Note in Table 3 that the E20 alloy in EBR-II behavedthe same as the E33

alloy in FFTF, showinga reductionin swellingwith cold work at 425°Cand an

increase in swellingat 540°C. Figure 5 comparesthe behavi,rof E20 in this

and the earlier experiment. Note also that there is some variabilityin the

responseof the cold worked alloy. Such variabilityis frequentlyobserved in
,

cold workedalloys.

Table 3 also shows some previouslyunpublishedresults of another

irradiationof the E20 alloy in the AA-XiV experiment. At 14 dpa cold working

decreases swellingat 425 and 500°Cbut increasesit at 600°C,once again

demonstratingthe reversal in the influenceof cold work at higher

temperatures.

TABLE 3. SwellingObserved in Alloy E20 (Fe-24.4Ni-14.gCr)in the
AA-XI and AA-XIV Experimentsin EBR-II

Temperature,
°C, and Displacement Alloy Swelling,
Experiment Level, dpa Condition %

425 AA-Xl 18.5 annealed 12.8(a)
425 AA-XI 18.5 30% CW 3 8(a)

540 AA-Xl 24.5 annealed 1.14!a)
540 AA-XI 24.5 30% CW 4 81!b)

3 61_b)

425 AA-XIV 14.0 annealed 9.69!c)
425 AA-XlV 14.0 30% CW 2 85{c)

500 AA-XIV 14.0 annealed 1.80!c)
500 AA-XlV 14.0 30% CW -0 01{c)

600 AA-XlV 14.0 annealed 0.35(c)
600 AA-XlV 14.0 30% CW 2 56(c)

(a) Average swelling of four identicalspecimens
exhibitingvery small differencesin density.

(b) Separatemeasurementson two nominally
iclenticalspecimens.

(c) Measurement on one specimen only.



The action of cold work in enhancing _welling at higher tempe;_atures may
(9)be similarto that observedrecentlyin pure nickel, as shown in Figure 6.

Microscopystudies now in progressshow that the effect of cold work on the

swellingof nickel at 500 and 600°C is to make it easier to establish (and

maintain at higher temperatures)a saturationdensityof dislocationsearly in

the irradiation,a conditionwhich promotesearly void nucleation. Swelling

tends to saturate in pure nickel later in the irradiationbecausethe dis-

locationdensitydrops sharplyonce void swellingbegins. Swelling of cold

worked materials at high exposurethereforeexhibitsvery littledependenceon

temperature.

Another comparisonof the influenceof cold work is shown in Table 4,

which indicatesthat in FFTF Fe-7.5Cr-35Ni_,_.xhibitedthe expected behaviorat

420 and 520°Cbut that large increasesin swellingwere observed at 600°C.

The variabilityof swellingwhen enhanced by cold work is agair:highlightedby

the fact that swellingwas increasedrelativeto that of the annealed

conditionat 600°C at both 35 and 60 dpa, but was less at 60 dpa. lt is not

felt that swellingactuallydecreasedon the averagebetween 35 and 60 dpa;
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FIGURE5. Swelling of Alloy E20 (Fe-24.4Ni-14.9Cr) in Two Separate
EBR-II Experiments. Note in the two right hand figures
that the influence of cold work reverses between 425 and
540°C in the AA-Xl experiment. (8)
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rather,it is believed that the enhancementprocess is very sensitiveto

uncontrolledvariablesin the experiment,often varyingbetween noi,linally

identicalspecimensirradiatedin the same specimenpacket.

The Fe-15Cr-25Nialloy has been used as a standardmaterial in a variety

of irradiationstudiesconductedin the U.S. fusion and breeder reactor pro-

grams. One study not mentionedpreviously involvedthe use of this alloy in

a correlationexperimentbetweencharged particle and neutron irradia-

tions.I0'11 In that study the softnessof this materialwas highlighted,

indicatingthe ease with which dislocationswere introducedduring specimen

preparationand also the difficultyof maintainingthem near specimen

surfaces. Therefore,there may be some merit to the comparisonbetween the

behaviorof nickel and Fe-15Cr-25Niwith respectto the influenceof cold work

at higher irradiationtemperatures. Since phosphorushas been shown in type

316 stainlesssteel to assist in maintainingduring irradiationthe dis-

location densities inducedby cold work,(12) this may accountfor the strong

increasein swellingat relativelyhigh phosphoruslevels observed in Figures

3 and 4, especiallyat higher temperatureswhere dislocationsare more mobile.
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TABLE 4. Swelling Observed in Alloy E37 (Fe-7.5Cr-35Ni)in FFTF(a)

Temperature, Displacement Alloy Swelling,
°C Level, dpa Condition %

420 9 annealed -0.16
420 9 30% CW -0.26

420 46.5 annealed 0.09
420 46.5 30% CW -0.09

420 70 anneal ed O.09
420 70 30% CW 0.09

520 14 annealed 0.16
520 14 30% CW O.O0

F

520 49.6 annealed 0.30
520 49.6 30% CW -0.36

520 75 annealed 0.02
520 75 30% CW -0.14

600 14 annealed NO600 14 cw
600 35 annealed 0.20
600 35 30% CW 2.50

600 60 annealed O.12
600 60 30% CW I. 78

(a) Measurements on one specimen each.
(b) NM= not measured.

Another series of ion irradiation studies by Lee and Mansur also high-

lighted the action of phosphorus to maintain dislocation densities. (13,14) In

their first study it was shown that two alloys (Fe-13.TCr-15Ni both with and

without 0.05 wt% phosphorus) both swelled at comparable levels when irradiated

in the annealed condition to -90 dpa at 675°C with nickel ions. (13) This is

in agreement with the neutron studies, since the phosphorus-related peak in

swelling was found to exist between these two phosphorus levels. Three other

phosphorus-modified alloys with silicon, titanium and carbon additions were

each found to exhibit less swelling in the annealed condition when subjected

to a variety of irradiation sequences, some of which involved helium

coinjection. The compositions of these alloys are listed in Table 5.
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TABLE 5. Ion-lrradiatedAlloys Studiedby Lee and Mansur(13'14)

Allo__ Composition

BIO Fe-13.64Cr-15.15Ni-O.OSOP

B11 Fe-13.63C4-15.20Ni-O.O49P-O.18Ti-0.041C

B12 Fe-13.58Cr-15.15Ni-O.O49P-O.17Ti-0.044C-0.83Si

14 the latter three alloyswere irradi-In the secondof these studies,

ated at 675°C in the cold worked condition,but with higher levels of helium

coinjection. Figure 7 comparesthe swellingof these alloys in the annealed

and coldworked conditions,each data set taken from separatepublica-

tions.(13'14) Although it is not possibleto make a comparison involvingonlly

a single_vBriabledue to the variations in helium injectionschedules,Lee and

Mansuratheirexpectationthat both cold workingand higher cavity densities

inducedby helium injectionshould depress swelling. Note in Figure 7 that if

the differencesin helium are ignoredthe opposite result is obtain;the cold

worked conditionof each alloy swells more than the annealedcondition. This

appears to confirmthe conclusionof the currentstudy concerningthe

interactiveroles of cold work and phosphoruson void swelling.

CONCLUSIONS

Phosphorusadditionscan either increaseor decrease void swellin? of

Fe-Cr-Nialloys,dependingon irradi_tiontemperature,phosphoruslevel and

the cold work level of the alloy. The role of cold work is not always to

suppressswelling,however, particularlyat relativelyhigher irradiation

temperatureswhere swellingactua'llyincreasesupon cold working. The

dividing point where cold working reverses its role on swellingappearsto lie

between520 and 540°Cfor displacementrates typicalof fast reactor

irradiation.

FUTURE WORK

This effort will continue, focusingon microscopyexaminationon

specimensirradiatedin either FFTF or EBR-II.
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