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ABSTRACT

Therecrystallisationbehaviourof PM2000oxide dispersionstrergthenedrerritic alloy hasbeen
investigatedfor sampleswhich were cold deformed after extrusion. The evolution of the
recrystallisation tempeature Tg, defined as the minimum temperatureat which the sample
beginsto reciystallise,hasbeenstudiedin detail asa function of the level of deformation. The
microstructurewas chaactrisedusing transmissiorelectronand optical microsopy, together
with microhardnessneasurementsTl he resultscanbe interpretedif it is assumedhat anything
which makesthe microstricture heter@ereous,stimulatesreaystallisation.In this seng, larger
strain gadients lead to merrdined andmore isotropicgrainstructures.Theway in whichthes
results can bexploited for commercial appktions are discussl.

1. INTRODUCTION

Thereis commitmentin Europeto renewabk enegy; biomassis likely to make the largest
single contributionto this type of power geneation. The useof biomassfor power gereration
does not require radially new technola@ies when compaed with alternative sources of
renevable erergy. Howeve, the thermognamic efficiengy of the processis dependenbn the
maximumtemperaturavhich canbe attainedin the operatirg cycle. To reachhigh efficiencies,
it will be necessar to dewelop a heat exchamer capable of gas opemting tempeatures and
pressure®f around1100°C and 15-30 bar, respetively; the heatexchamer is neeckd for the
fluid that entersthe gasturbine. This demandsnetal operating tempeaturesup to 1150°C for
heat exchager tubirg.

The oxidationresistanceand good creepperformane of mechanially alloyed Fe-basedoxide-
dispersion strergthened (ODS) alloys such as PM2000 and MA956, makes them prime
candidates fothe hatexchamgers(HE) (SpoerandLempermauerl993;Starret al. 1994).Creep
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and stressrupture propertiesare strorgly influenced by grain size and shape(Wilson et al.
1978). Only coar® recrystallisedgrains have adequatehigh temperatue creep strength. This
coarsegrainedconditionis producedby subjectirg the alloy to a controlleddegree of working
and a finaly, high tempeaiture teat tratment.

The consolidatedmechanicaly alloyed materialshave a cold deformedmicrostructue with
grainswhich tendsto be submicromete in width (JagerandJonesl994;Baloch1989;Chouet
al. 1993). The materialtherefore contains an enormousamountof storederergy in this state
(Chou and Bhadeshial993aand 1993b). The steelsusually tendto recrystallise directionally
into coarsecolumna grainswith an overall appearare which resembleghat of a directionally
solidified microstructureThere is consideableinterestin controlling the microstructue. Many
of the methodswhich seekto alter the microstricturerely on sometype of deformation before
recrystallisation at tempeaturesclose to the melting temperatue. Regle and Alamo (1993)
studied the influence of cold defarmation on the reaystallisation and obtained fascinatimgy
resultsin which reaystallisationtemperatug and grain structurewas radically altered by the
degee of defamation. The purpo® of this study was to analse the role of a non-uniform
deformationon recrystallisationbehaviourin PM2000and a methodto producecoar® grain
structures wasrpposed.

2. EXPERMENTAL PROCEDURES

Thenominalcompositionof the alloy PM2000usedin this work is shownin Table 1. The alloy
was suppliedby PLANSEE GmbH/ MSR Metall-SpezialrohiGmbH. The essentiafeatue of
PM2000is that it contains5.5 wt % of Al and 0.5 wt % of Y.0s. The aluminium enhances
corrosionandoxidationresistancandit is claimedthatPM2000is betterthanotherODS alloys
in gaseougenvironmentsontainirg SO, 0.24%,C0O, 15%, O, 4%, N, balance(Hedrich 1986;
DeGau@nzi 1994). The creepperformancehasbeenfoundto be optimumwith a Y,03 content
of 0.5 wt %.

Table 1.Chemical composition (wt %).

Cr Ti Y203 Al Fe
20 0.5 0.5 5.5 Bal.

PM2000 is producedybmechancal alloying of the compoents in ahigh-enegy mill to produce
asolid solutionwhich containsa uniform dispersiorof yttria, in the form of coasepowder. The
powder is then consolidatedusing hot isostatic pressiig and thes tube preforms are then
extrudedat 1050 °C. The extrudedtubesarethen flow formed, which is a processof torsional
extrusion at room temperatae to a&hieve eductions in aa of 726 (T1)and 90% (T2

Samplesfor metallogaphic examinationwere cut from the transvese direction of the tube.
Optical microscoly was usedto obsene the microstructues both of asflow formed and heat

treated specimens. The etchantusedwas 2 g CuCh, 40 ml HCI, and 40-80 ml ethanol.
Transmissiorelectronmicroscopy was carried out usinga JEQL 2000FX microscop opelated
at 200kV to evaluatethe defarmed microstructue in flow formedtubes.In order to minimise
the defects introducedby sampleprepaation foils were extractedby spark erosion. Samples
were ground and polishedto ~ 30 - 50 um in thickness,then thinnedto pefforation by ion

milling. Microhardnessneasurenentswere carried out in asflow formed samplesby meansof

Mitutoyo Mvk-H2 hardnss tester nzhine with a load ©200g.
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3. RESWTS AND DISCUSSON

The aim of this work was to analyse the effect of deformationinducedby the flow forming
processeson the recrystallisation of tubesfor heat exchamer application. Tubeswith two
different leels of eduction in ara hae been studied.

The tempeaitureTg is definedasthe minimumtemperatuee at which recrystallisationtakesplace
during one hour of heattreatment.Measued valuesof Tg for the innerandouter surfacesof the
tubesarelistedin Table2. Tube T2 showsa uniform behaviourwhereasTg of the outersuface
in T1 is much smaller than that of the inner surface. Furthermoe, the recrystallisation
behavioursof T1 and T2 are found to be quite different. In tube T1, reaystallisation begins
closeto the outersurface (Fig. 1a), whereasit initiatesin the centreof the samplein the caseof
T2 (Fig. 1b). Moreover,the shapesof the recrystallisedgrains are very different in the two
cases.More refined and equiaxed grains are obtained after reaystallisationin T1 when
comparechgainst T2, as is shown ingri2.

Table 2.Measued valies of Tg temperatuss.

Reduction in area / % Outer suréce Inner suface
T1 72 835°C 1190°C
T2 90 1175°C 1200°C

Chuter *su:'i'ul.'-..'—l

Chater surface

(1,2 mm

Fig. 1. Trans\erse setions of (& T1 and (B T2 reciystallised at 870C for 30 min and
1180°C for 1h, respetively.

Fig. 3a, which is a transmissionelectron microxope (TEM) image from T1, shows the
inhomogeneousature of the defamation, with someregionswhere sub-geins havea clearly
elongated structue. In contrast, other regions of the samesample have more equiaxed grain
structures.This should be contrastedwith Fig. 3b, which is of tube T2 and showsa uniform
elongated grain structure. These obsevations might comelae against recrystallised grain
structures obtained followgnheat treatment.
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Outer surface !
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Fig. 2. Trans\erse setions of (g T1 and (B T2 reciystallised both at 1380C for 1h.

Reciystallisationin suchalloys nucleatesby the bowing of grain boundaries. With the sub-
micrometergrain size of mechanially alloyed metals,the grain junctions themselvesact as
severepinning linesfor grain bounday bowing (Bhadeshial997).The activationerergy for the
nucleationof reciystallisationshould be very large in order to achieve high recrystallisation
temperatues chaacteistic of this material. However,this erergy dropsif a few grainshapgen
to be slighty larger,i.e. if the grains are not unifan in size.

Fig. 3.Trans\erse setions of (3 T1 and (p T2 in the as-fhw formed condition.

Assumingthat recrystallisationtakesplace by meansof a bowing mechanism,a non-unifam
microstructure correspondingto inhomayeneousdeformation assistsnucleation by making
availablesomegrainswhich are sufficiently large to permit eay bowing. This would leadto a
greate nucleation rate anddna a finerrecrystallisedgrain sizetogethemwith a smallervalue of
Tr asis observedfor tube T1. By contrast,a uniform fine grain structurewould find it more
difficult to reciystalliseandhence the few sucessfulnucleiwould developinto a coasegrained
microstructureandTg would be abnormallhigh; this is exacyl thecase for T2.
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Thefact thatthe overall deformationis lesshomog@eousin T1 thanin T2 is corfirmed by the
datapresntedin Figure 4, which showsthe evolutionof the hardressaaossthe wall thickness
of the two tubes.The strain distributionin T2 is more homogneousthanthatin T1. These
results are consistentwith the fact that nucleation of reciystallisationin T1 is promoted.
Therefae, coar® grain structuesshouldbe obtainedafter uniform distribution of strainacross
the whole tube.
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Fig. 4. Compason of straingradient acoss the wall-thicknesd the tube betwen Tland
T2.

4. SUMMARY

Theinfluence of deformationon the recrystallisationof mechanically alloyed PM2000hasbeen
studied.Tubeswith two different levels of deformation after flow-forming have beenstudied.
As the reductionin areaincreases,a more homogneoussub micron microstructureand strain
gradientacossthe wall thicknessof the tubeis obsened. Likewise,the differenesbetweenthe
minimum temperatureat which recrystallisationin the outerandinner suiface of the tubetakes
place is redoeas deformation inea.

Theseresultsare consistentwith the broad ideathat anything, which introducesheteraereity
into the microstructure, stimulates nucleation of reaystallisation. An inhomogerous
distribution of strain producean inhomayereous distortion of the sub-microncold worked
structure,increasimg the differencesin size and shag between the unrecrystallised grains
themselvesTherefore, an easiernucleationprocessfor reaystallisationcanbe expectecandthe
grains cargrow at lowe tempeatures esulting in a ma equiaxed microstructer
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