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INTRODUCTION

The work detalled within this report is a continuation of earlier work carried out under
contract number 1DX-SY382V.[1%%  The earlier work comprises a literature review of the
sources and types of defects found principaly in Fe-based ODS dloys as well as experimenta
work designed to identify defects in the prototype ODS-FesAl dloy, deduce ther origins and
to recommend methods of defect reduction. The present work is an extenson of the
experimental work aready reported and concentrates on means of reduction of defects aready
identified rather than the search for new defect types. This report dso includes work
regarding the manipulation of grain dructures via deformation processng and further results
gathered during powder separation trids involving the separation of different metdlic
powders in terms of ther differing dengties.

The scope and objectives of the present work were lad out in the technica proposa
‘Reduction in Defect Content in ODS Alloys — IV’. All the work proposed in the * Statement
of Work’ section of the technica proposa has been caried out except for some of that
dependent on the acquigition of materids from other sources. However, wherever omissons
from the ‘Plan of Action’ detailed in the ‘Statement of Work’ have occurred due to lack of
auitable materids, other reated experimentd work has been devised to fill the gaps where
possble. All work extra to the ‘Statement of Work’ fals within the context of an ODS-FesAl
dloy of improved overdl quaity and potentid cregp performance in the consolidated form.
The outturn of the experimenta work performed is reported in the following sections.

VARIABILITY IN POWDER OXIDATION
The effect of powder particle size digtribution on canned powder oxidation

AsMA ODS-FesAl and PM2000 powders were sieved to prepare size fractions >425mm and
<75mm. These fractions, together with un-sieved assMA powders were separately, but
simultaneously annedled a 1000°C for 1 hour under 10 mbar in an open ceramic boat. After
annedling, the powders were carefully studied usng SEM and EDS in cross-section and plan
view and the degree of oxidation measured in each case.

After annedling, powder particles of al types and sizes had formed a surface oxide scae, a
leest on the outermogt particles in the anneding crucible.  The thicknesses of the scaes were
measured from cross-sectioned powder particles, but showed no obvious trends associating
oxide thickness with particle sze. This is shown in Table 1. As seen before, unseved ODS-
FesAl forms a thicker oxide scale than unsieved PM2000.2  However, without the benefit of
these previous results, it would be difficult to conclude from Table 1 that such atrend exigts.

Table 1 Measurement of oxide thicknesses from different dloys and powder particle Szes.

PMWY 2 PMWY 3 PM 2000
oxide oxide oxide

thickness thickness thickness
[nm] [nm] [nm]
Large fraction 0.68 1.06 0.73
Unseved 0.72 - 0.53
Smadl fraction 0.67 - 0.71




The powder particle sze ought not to have a sgnificant effect on the thickness of oxide scae
that forms over a period as short as 1 hour, such as used in this sudy. The only parameter
that is influenced by patice sze is the duminium reservoir avalable for the formation of
protective dumina scde. Smadler particles would therefore be expected to go into breskaway
oxidation sooner than larger particles but over a much greater period of time than covered in
this work [

Although particle size does not appear to have an effect on oxide scade formation, the range of
particle szes within a particular powder appears to affect the digtribution of oxidised particles
through the depth of a sample of annedled powder. It was found that unsieved powders, with
a wide range of particle szes formed a ‘crust’ of oxidised paticles a the surface of the
sample. This crust could be yp to 1mm thick on some samples and appeared to protect the
powder on the interior of the sample from extendve oxidation. The difference in oxidation
levelsinthe ‘crust’ and interior can be seen in Figures 1aand 1b.

In powders that had been seved and therefore covered a narrow range of particles sizes, the

degree of oxidaion was uniform throughout the powder sample, with sgnificant thicknesses
of oxide forming on dl particles.
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EDS spectrum from the oxidised powder ‘crust’. EDS spectrum from the innermog,
protected powder.

The formation of the ‘crus’ on undeved powders is attributed to the higher effective tep
dendty possible usng powder with a wide range of particles sizes, where smdler particles can
pack into interstices between larger powder particles, and so on. Interstices remaining a the
onset of anneding are further narrowed by a combinaion of oxide scde formaion and
gntering, thus forming a solid crust. This ‘crust’” was seen to be sufficiently dense to afford
shidlding from oxidation to further, unoxidized powder degper within the sample. In Seved
powder samples with a narrow range of particle szes, such thorough packing was not possible
and uniform oxidation took place through the whole sample.

Variation of oxidation behaviour between different batches of ODS-FesAl powder.

It has previoudy been reported that duminium depleted regions (ADRS) exig within some
batches of asMA ODS-FesAl powder and the size and concentration of these regions varies
between powder variants>®!  The greatest differences in ADR content were between ODS-
FesAl variants PMWY2 and PMWY 3. The oxidation behaviour of these powders has been
studied.



Samples of each powder were annedled at 1200°C for 24 hours. In order to accelerate
oxidation, the powders were oxidized a amospheric pressure rather than a the 10° mbar
characterigtic of processing atmospheres.  After oxidation, the powders were examined by
means of SEM and EDS.

As anticipated, after annealing for 24 hours at 1200°C, both PMWY2 and PMWY 3 powders
exhibited dumina surface layers. However, on the PMWY2 powder, discontinuities in the
adumina scde were present in the form of areas of iron oxide. This is shown in Fgure 2
where an area of iron oxide can be seen in both the secondary and backscattered electron
images together with EDS spectra from the iron oxide and the surrounding dumina scale.

Further samples of powder were cyclicaly oxidized a 1200°C with 24 hour cycles in ambient

laboratory air. After each cycle, the samples were weighed and their masses plotted against
time in order to monitor the progression of oxidation.
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Figure 2 Iron oxide region found within the alumina scale on an oxidized PMWY 2 ODS-
FesAl powder particle.

The mass gain data collected during cyclic oxidation of the powders can be seen in Figure 3.

Both powders show an initid rapid increase in mass and then the mass increase dows to a
deady leve, dightly higher in powder PMWY2. After 120 hours, the mass increase of the
PMWY 2 powder accelerated. This increased rate coincided with the formation of regions of a
black oxide on increasng numbers of the PMWY 2 particles. Powder PMWY 3 did not show
such an incresse in mass gain rate until after 250 hours and, even then, the mass gain rate was
not as high as that seen in PMWY2. Again, the rate increase coincided with the formation of

ablack oxide.

The surface area to volume of the two powder batches was measured using stereologica
methods. The vaues caculated for PMWY2 and PMWY3 were 1.60 and 1.11cm?

respectively.

The weight fractions of fine materid entrained in fissures and adhered to the surface of the
two powder types was estimated by ultrasonicdly cleaning the powders in ethanol in an
attempt to didodge as much of the finer material as possble. The fine sediment was collected



and weighed and the weight fractions of fines for PMWY2 and PMWY3 were 0.14 and
0.10wt% respectively.
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Figure3 Massgan of powders PMWY 2 and PMWY 3 during cyclic oxidation.

The average thickness of the scade formed on the powders during annedling was measured
using cross-sectional samples of powder particles and SEM. The increase in scale thickness
with timeis shown in Figure 4.
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Increases in scale thickness on PMWY 2 and PMWY 3 with oxidation time at 1200°C

The formation of smilar dumina scdes over the mgority of powder particles from both of
the powder vaiants studied would be expected as the aloys are of practicdly the same
compogtion.  This is what was observed in the powders oxidised in this work athough the
presence of subdtantid idands of iron oxide within the dumina scde formed on variant
PMWY 2 suggests that differences do exist in oxidation behaviour.

It is possble that the iron oxide idands are associated with ADRs that intersect the particle
surface. However, this could not be observed in cross sectiond samples. It is more likely that
the iron oxide occurs where fine materid has gone into breskaway oxidation because of its
low mass and duminium reservoir.  PMWY2 contained a greater fraction of fines and this
breskaway effect would therefore be expected to be prevaent in batch PMWY 2.

The larger surface arealvolume ratio for PMWY2 would aso be expected to increase weight
gan rate during oxidation. There is no reason to believe that this is not the case but the
esimated increase in weight gain rate that would be associated with the surface area ratios
measured falswell short of the differencesin weight gain observed.



In fact, the mogt likdy explanation for the higher weight gain seen in batch PMWY2 is
amply that the oxide scde thickened more rgpidly, increesng the powder mass and
decreasing the auminium reservoir o that breskaway oxidation occurred earlier. The scde
thickness vs. time grgph shown in Figure 4 bear a drong resemblance in terms of reative
proportions to the mass gain gragphs. The smdl reduction in duminium content of PMWY 2
attributed to the presence of ADRs cannot account for the more rapid onset of breskaway
oxidation seen in PMWY2. Indeed, it has been estimated by moddling the decrease in
duminium with oxidation time that ADRs would be expected to foreshorten the oxidation
lifetime of ODS-FesAl by only 3.6%; inggnificant compared to the 53% reduction in lifetime
actually observed.

The ADRs do, however, represent areas of the dloy depleted not only in duminium, but aso
depleted in yttria-based compounds essentid for good oxide adheson as wdl as dloy
grength.l®)  The reduced levdl of duminium in such paticdes may hinder dumina formation
and would promote the formation of iron and possbly chromium oxides to some extent,
paticularly in the ealy dages of oxidation before diffuson induces chemica homogeneity.
The resulting defective scales appear to thicken more quickly, fed by the easy ingress of
amospheric oxygen to the underlying aloy. The lack of yttria in ADRs would dso contribute
to earlier, locd decohesion of protective scae and accelerate the tendency towards breakaway
oxidation. This effect would be more obvious in longer-term oxidation than the 24 hour
oxidation illustrated in Figure 2, and may be responsble for the early breskaway oxidation of
variant PMWY2 seen in the mass gain data in Figure 3. Here the adheson and homogeneity
of the protective scae could be compromised by areas lacking in yttria dispersoid, resulting in
an oxidation lifetime only haf that of PMWY3. Onset of breskaway oxidation could be seen
to be quite gradua compared to mass gain data typicd of single coupons of ODS dloys. This
is atributed to the fact that a broad population of particles was oxidised in the same crucible
during the experiment. Each particle behaved dightly differently and the onset of breskaway
oxidation was distributed over a period of time as a cumulative effect of individua powder
particles going into breskaway one by one.

MINIMISATION OF OXIDATION
Effect of process modifications on powder oxidation

As-MA PM2000 powder was compacted in a cylindrical die (@10mm x 6mm) by smple
uniaxiad compresson to a pressure of 635 MPa.  To smulate canning, the powder, ill
contained in its die, was annedled a 1000°C for 1 hour under a vacuum of 10° mbar. After
annealing, the compressive strength of the resulting powder was measured.

In a further trid, assMA ODS-FesAl and PM2000 were both compacted and anneded as
above, but with the incluson of two hydrogen purges of the vacuum system prior to
evacuation to 10° mbar. Due to sgnificant shrinkage during sintering, the resulting pellets
were severdy cracked and compressve srengths were  edtimated from  hardness
measurements taken from the pellet fragments.

The effects of hydrogen purging on ODS-FesAl and PM2000 powder charges and the effect
of cold compaction of ODS-FesAl powder prior to anneding on powder oxidation and
subsequent sintering efficiency have aready been reported®  Figure 5 shows these data
aongside the new dita on the effects of cold compaction of PM2000 powder and the effect of
combining hydrogen purging with cold compaction for both ODS-FesAl and PM2000.
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Figure 5 The effect of process modifications on the sintered drength of ODS-FesAl and
PM 2000 powders.

It can be seen that cold compaction of the aloy powder prior to annedling produced a
dramatic improvement in dntered srength.  Whereas hydrogen purging done produced the
largest enhancement in sntered drength in PM2000 powder, cold compaction increased
antered drength in ODS-FesAl powder by a factor of 89 as opposed to the factor of ~3
increase seen with PM2000 powder. It is beieved that this is due to more rapid oxidation in
ODS-FesAl powder than PM2000 and, therefore, that the most effective way to reduce
oxidation during consolidation is to minimise the powder free surface area by use of processes
such as cold compaction.©!

The two techniques can be seen to be highly effective but in an dloy specific way. It coud
have been expected, therefore, that the combination of the two techniques would not yield
ggnificant further improvements on the gpplication of the individud techniques. In the case
of PM2000 powder, this was indeed the case, with no obvious additiond benefit (within
experimenta error) ganed by combining purging and compaction.  However, a further
improvement in dnter drength was possble for the ODS-FesAl dloy: a sntered pedlet
produced by a combination of hydrogen purging and cold compaction had a compressve
drength a factor 203 times higher than that produced by dtraightforward vacuum anneding.
The ODS-FesAl pelet was, in fact, of smilar strength to a amilarly processed PM2000 pellet
whereas after draightforward annedling, the PM2000 pellet was a factor of 90 times stronger.
It would appear that a combination of cold compaction and hydrogen purging can
significantly reduce the oxidation of densely packed ODS-FesAl during annedling.”!

Effect of improved vacuum and use of getters on powder oxidation

It has been shown that increasing the pressure i.e. degrading the vacuum during powder
anneding has a marked effect on powder oxidation. When the pressure was increased from
10 to 10mbar during annealing of PM2000 powder, oxidation d the surface of the powder
particles took place to such an extent that the fragmented oxide decorated prior particle
surfacesin the sintered compact.!”! A cross section of the sintered PM2000 is shown in Fig 6.

A reduction of pressure i.e. improved vacuum appears to give a reduction in oxidation.
However, as oxidation is so dight a the standard pressure of 103mbar, the reduction achieved
by reducing the pressure to 10“*mbar, for example, is bardy messurdble  In commercid
processes, vacuum pumping is achieved by means of rotary pumps and it is difficult to
achieve vacuums of 10°mbar even after lengthy pumping. In order to achieve higher



vacuums new pump technology would need to be employed and, even then, very little
improvement in oxidation behaviour could be expected. It is therefore deemed impractica to
prescribe a production route that includes higher vacuum anneding than is presently
employed.

Figure 6

SEM cross-sectiona image of cold compacted
FeCrAl annealed at 1000°C for 1 hour under 102
mbar. Entrained oxide particles can be seen

delinegting erstwhile powder particles.

An dternative method for reducing the partid pressures of oxidizing gases in the vacuum is
the use of getters. The use of titanium and zirconium getters within cans of powder has been
sudied to ascertain whether or not such getters can reduce powder oxidation during high
temperature anneding.

So far, experiments have shown no reduction of powder oxidation usng these getters in thar
present form of foil and helicd wire liningsto the can.

It is believed that actud reduction of the dumina scde, athough thermodynamicaly possble,
is not feesble under these conditions where the getter is remote from much of the powder
charge.  Although getters should reduce the partid pressure of oxygen in the can, it is
believed that by the time this had taken place, powder oxidation has aready occurred.

DEVELOPMENT OF POROSITY

Porogty is seen to deveop in the dloy PM2000 after protracted anneding a high
temperatures/®  In order to compare this behaviour with that of ODS-FesAl, samples of
PMWY 2 were annedling in air a 1300°C for 2016 hours (12 weeks) and were examined after
672, 1344 and 2016 hours anneding for sgns of porosty. These conditions would be ample
to cause porodty in PM2000. The samples were taken from PMWY2 which had been
extruded at an extrusion ratio of 9:1 and from PMWY 2 extruded at 16:1.

Even after 2016 hours anedling, no porosity was observed except that caused by the drop-out
of paticles and intrusons. A section through an intruson is shown in Fg 7 and the pore left
when such an intruson drops out of the sample is shown in Fig 8. From Fig 8 it can dealy
be seen that the ingde surface of the pore is decorated with oxide particles. Two posshilities
for the origin of these particles are that they i) are the oxide debris that was present before
conolidation and that isolated the intruson from the bulk or ii) they are the result of the
formation of a pore that has accumulated nonr-metdlic debris on its inner surface as the pore
has grown and the metd receded. As the pore matches intrusons in Size, and oxide debris has
been observed around intact intrusions, it is believed, at this stage, that the pore shown in Fig
8 and similar pores are formed by the dropout of intrusions.



Figure7 Figure8

A section through an intruson in ODS- A pore resulting from the drop-out of an
FesAl annealed at 1300°C for 673 hours. intruson in ODS-FesAl anneded at
1300°C for 672 hours.

As seen before, the ODS-FesAl materiad extruded at an extrusion ratio of 16:1 contains a large
amount of particulate matter comprising mainly aumina (see Fig 9)!® Such oxide particles
were present in high concentrations particularly in the 16:1 ODS-FesAl used in the anneding
tess and the coarseness of the particles seemed to increase dightly with anneding time.
However, overdl the two variants tend to behave smilarly with any differences dtributable to
the differences present before anneding e.g. the high aumina content of the 16:1 variant.

Figure9

High concentrations of oxide particles and pores
caused by particle drop-out in ODS-FesAl
(extruded at 16:1) annedled at 1300°C for 672

hours.

It was observed that intrusons became gradualy more obvious with anneding time. It is not
clear whether this is due to ripening of the oxide particles which surround intrusons or to the
formation of pores and voids around the intrusons a the intruson/bulk interface.  Both voids
and oxide particles were vishle a dl stages in the annedling and both were perceived to grow
with time at temperature athough no measurements were taken.



Paticles of a new phase formed on anneding which gradudly grew with anneding time but
dabilised a around 5Mm as seen in Fig. 10a SEM-EDS andyss indicated that they are
auminiumviron nitrides (Fig. 10b).
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Particles which formed in ODS-FesAl EDS spectrum taken from particlessmilar to
after anndaing at 1300°C for 673 hours. those in Figure 10a after annedling at 1300°C
for 2016 hours.

It is surprisng (from comparison with other FeCrAl dloys) tha these nitrides form s0 early
during anneding.  Nitride formaion in FeCrAl dloys has previoudy been seen only after
auminium depletion to critical oxidation levels has occurred after protracted oxidation. As
can be seen in Fg 11, dthough microprobe anadyss shows that some duminium depletion
has taken place during anneding, levels are 4ill many times higher than typicd criticd levels
even after 2016 hours.

However, such nitride formation is linked to the porous and defective oxides formed with low
duminium leves rather than to the low duminium levels themsdves. It is suggested that the
oxide scade formed on the ODS-FesAl dloys is dightly porous and not dtogether protective,
dlowing amospheric components to pass through to the dloy subdtrate during annedling,
leading to the formation of nitrides and the possible coarsening of oxide particles.
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FLUIDISED BED TECHNIQUES

A magor aspect of this work was to assess whether the fluidised bed separation technique
might be gpplied commercidly, paticularly in the production of MA metdlic powders such
as the MA ODS-FeCrAl dloys. In an datempt to smulate a commercia Stuation, ~8kg of
ges-atomised Fe;Al powder (fi=6.53 g.cmi®, mean diameter 83mm) was seeded with ~0.16kg
(~2wt.%) of ODS-Fes;Al sevings (=6.5-6.6 g.cm®, mean diameter >400mm) known to
contan duminium-depleted inhomogeneities.  Separation by dendty was atempted as might
be used in a commercid production process. The separation process was run both with and
without interna baffles in order to assess the effect of the baffles on segregation efficiency.

Separation of the defective ODS-FesAl seed powder from the gas-atomised FesAl powder was
successfully achieved with the seed powder segregating to the bottom of the bed as shown in
Figure 12. Here 98.5mass% of the seed powder was concentrated in the bottom 6mm of the
bed. However, the seed particles are of different morphology to the hulk powder and, more
importantly, are larger and more massive. All ese being equd, larger particles tend to snk in
a fluidised bed so0 it was necessary to ascertain, rather than smply whether separation was
feasble, the degree to which the snking effect could be influenced or ‘tuned’ by the incluson
of vibrating baffles. It was found that remova of the vibrating interna baffles appeared to
have only a margind effect on the separation characterigtics of the bed. This is illudtrated in
Figure 13 where the segregation profile of the seed powder is dmogt identica to that seen in
Figure 12 with 95.0mass% concentrated in the bottom 6mm of the bed. Here only the
digribution of the coarse paticles is consdered relevant. The higher mass% vaues seen in
the bed without baffles are a reflection of differences in the darting concentration of coarse
particles and not of segregation efficiency.

It is believed that the effect of particle Sze is dominant in this sysem since paticle Sze varies
by a factor greater than five while the dendties differ only a few percent. However, despite
the large difference in paticde dze and the drong segregaion that it dicits some
improvement in the segregation characterigics may be achieved by the incluson of vibrating
baffles.
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PM2000/Fe VARIANTS

A vaiant of PM2000 rod containing up to 1 wt% of pure Fe powder was produced by
Plansee GmbH, Lechbruck, Germany. The Fe powder was chosen to introduce ODS-free

10



regions into the PM2000 in order to invedtigate any effects that this might have on the
recrysalisation behaviour of the dloy.

The presence of fine-grained dringers of recrystalised materid has previoudy been observed
in ODS-FesAl 110

A magor contributory factor credited in their formation was the presence of ODS-free regions
within the ODS-FesAl due to the entrainment of fragments of mill atritor in the aloy powder
during mechanica dloying. A lack of oxide dispersoid might be expected to engble
recrydalisation to occur and progress much more reedily localy than usudly seen in ODS
dloys. This was found to be the case and gtringers of recrystalised materia have been found
in consolidate, as-extruded ODS-FesAl which had undergone no secondary recrysalisaion
anneding. A transverse section of such a dringer is shown in Figure 14 with recrysalised
grains arrowed.
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Figure 14 Figure 15
Stringer of recrystallised materid in as-extruded Recrystalised regions in the as-extruded
ODSFe:Al (PMWY 2). PM2000+Fe variant.
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Figure 16

FEG-SEM channdling contrast image of dringers of fine grans (arowed) in secondary
recrydalised PM2000+Fe variant compared to similar fine-grained dgringers found in
secondary recrystallised ODS-FesAl (inset). Longitudind sections.

It was suspected that the addition of Fe powder to PM2000 might produce smilar

recryddlisation effects. Ealy findings suggest that this is the case.  Figure 15 shows a
transverse section of the as-extruded PM2000 variant where, dready, certain areas have

11



recryddlised (arowed).  The recryddlised regions ae much more uniform in Sze,
morphology and didribution than those seen in ODS-FesAl, presumably because they
originate from carefully controlled additions of szed powder rather than from random
fragments of mill atritor. The dmilarities between the fine-grained dringers found in the
prototype ODS-FesAl and those found in the PM2000 variant are clear in the micrographs in
Figure 16. Here a transverse section of the PM2000 variant after annealing at 1380°C for 1
hour is compared to a transverse section of ODS-FesAl after secondary recrydalisation
anneding (inst).  The implication is that the fine-grained dringers in ODS-FesAl are
introduced by ODS-free regions and this effect can be repesated in a different aloy, PM2000,
by controlled introduction of ODS-free regions. The influence of these ODS free regions on
the more macroscopic recryddlisation behaviour of these dloys is the subject of continuing

study.
PM 2000/A1,05 VARIANTS

Alumina powder of MPD 0.86nm was added to PM2000 powder prior to consolidation at a
concentration of 1wt.%. The recryddlised grain structure was essentidly smilar to that seen
in the PM2000/Fe vaiant. However, no recrydalised dringers were found after short
anneding times. The dumina paticle distribution was clearly visble by opticd microscopy
and dumina-free regions exig throughout the dloy, presumably corresponding to erstwhile
PM2000 powder particles. After 1 hour at 1380°C, any smdl grains tended to exig within
these dumina-free regions and gppeared to have been condrained by the alumina particles at
the periphery of the region.

In order to see whether or not these dumina particles are cgpable of triggering early
recrystdlisation as described in the literature ™Y, samples were bent to an inner diameter of
10mm and then annealed at 1380°C for 1 hour. The bending is intended to give a variation in
drain across the sample thickness in the hope that a criticd drain necessary to trigger early
recrygdlisation could be found. To data, particle-triggered recrydalisation has not been

achieved and further trials usng coarser (MPD 10mm) dumina powder are underway.

Figure 17

The fracture surface of the PMZ2000/Al,O3
variant which cracked during cold rolling.

The crack largely followed the surfaces of the
A|203 particla

The addition of dumina particles was, however, seen to have a dramdtic effect on the
variant's mechanicad properties, in particular its ductility. The PM2000/Al,O; was seen to
fracture during cold rolling after only around 10% deformation whereas the PM2000/Fe
vaiant undewent 25% cold deformation without cracking. SEM  examingtion of the
PM2000/Al,03 fracture surface showed that the dumina particles had surrounded the
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PM2000 paticles prior to consolidation and then formed dringers of particdes during
extruson. These dringers provided peths for rapid crack propagation aong the particle/dloy
interfaces as seen in Figure 17

MACRO-COMPOSITE MATERIALS

During production of the PM2000/variants, the mild sted can used to hold the powders during
consolidation were not removed from the extruded rod. Ingtead, they were left intact and
anneded with the variants to investigate whether or not the recrysalisation behaviour of the
mild sled would affect the recrystdlisation behaviour of the PM2000. Samples were cut from
the extruded variant rods and annealed at 1380°C for 1 hour.

In the PM2000/Fe variant no interaction was observed between the recrystdlisation of the
mild sted and the PM2000 even though the interface between them appeared to be clean and
thoroughly welded as shown in Figure 18. It is thought that because the recrysdlisation of
the mild sted would occur much more readily than that of the PM2000, the recrystdlisation
processes of te two metas must occur 0 disparately as to be ‘invisble to each other and
therefore do not interact. The effect is believed to be smilar to that seen in ODS-FesAl and
the PM2000/Fe variant dloy where dringers of ODS-free materids recrystalise readily but
do not appear to interact with the surrounding aloy.

The PM2000/Al,03 vaiant smilaly showed no interaction between the recrystalisation
processes of the mild sed and the PM2000. Again it is though that this is due to widdy
disparate recryddlisaion times and temperatures. However, in the cae of the
PM2000/Al,03 variant, the sted/PM2000 interface was heavily decorated with AlLOs3
particles which would be expected to hinder boundary migrétion in any case. This interface
can be seen in Figure 19.

PM2000/Fe

Figure 18 Figure 19

The interface between the consolidated The interface between the consolidated

PM2000/Fe variant and its mild stedl can. PM2000/Al,03 variant and its mild stedl can.
The dumina particles adorning the interface
can be clearly seen.

HOOP GRAIN STRUCTURESVIA FLOW-FORMING
Extruded PM2000 tubes were flow formed at elevated temperature (600-700°C) and to

vaious levels of dran then subject to secondary recryddlisation anneds.  Opticd
micrographs of three such tubes are shown in Figure 20. The tube microstructure bears a
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clear reationship to the paths of the flow forming rollers with grains contained within the
helicd tracks left by the rollers after processng.  Although the grains in dl three tubes
demongtrated Smilar degrees of axid condrant, their extent in the hoop direction was less
uniform. At lower levels of deformation the grains did not extend far in the hoop direction
and tended to be rather “blocky” in appearance as seen in tube W4 (74% deformation). In
tube W7 (86% deformation), on the other hand, grains developed to a much gresater extent in
the tube hoop direction, resulting in grains with a very high GAR orientated pardle to the
hoop direction. Due to the promising nature of the grain sructure obtained with tube W7,
further invedtigations were peaformed to determine the influence of flow forming on the
development of desirable hoop grain structures in this tube.

Figure 20

Optical micrographs of transverse sections and
plan views of secondary recrystdlised, warm
flow formed tubes showing the effect of
different levels of deformation on gran sSze
and morphology.

b 4'5i'ninj

12min " 1;5-,min : . 30min
200um annealed at 1380°C
Figure21

Opticd micrographs of transverse sections of tube W7 annedled at 1380°C for different times.
The progression of secondary recrystallisation can be seen through the tube wall thickness.
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Samples cut from tube W7 were anneded at 1380°C to effect secondary recrydalisation. A
range of anneding times was chosen so tha the progresson of the secondary recrystalisation
process could be observed. Optica micrographs of transverse sections of tube W7 anneded
for progressvely longer times are shown in Figure 21. It can be seen that the mgority
(~80%) of the tube had recryddlised after 9 minutes anneding and that recrystalisation
commenced towards the tube outer surface and progressed rapidly inwards.  However,
subsequently, the rate of recryddlisation dropped dramaticadly and only after 45 minutes did
the sample gppear to be wholly secondary recrysdlised. This is believed to be directly linked
to the gngle-dded nature of the deformation gpplied during flow forming where plagtic strain
was highest at the outer surface and decreased towards the inner surface of the tube which
was supported on amandrel.

In the earliest stages of recrysalisation, after a nomina 15 second exposure a 1380°C, it was
noted that recrystdlisation initiated just below the tube outer surface a a depth of around
100mm, as can be seen in FHgure 22. From this pogtion, recrysalisation spread both
outwards and inwards, reaching the outer surface within the firs minute a temperature. The
reasons why recrysalisation does not initiate a the outer surface of the tube are the subject of
continuing investigetion.

Figure 22

Opticd micrograph of a longitudind section of tube W7
annedled for 15 seconds at 1380°C, showing that
secondary recryddlisation originaes from a layer just
below the outer surface to spread outwards and inwards
with time at temperature.
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Figure 23

Opticd micrographs of plan views of shdlow tgper sections of tube W7. The uneven
secondary recrystdlisng front can be seen to be spreading downwards towards the outer
surface of the tube more rgpidly in some areas than in others.
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Shdlow taper sections of the outer surface of tube W7 were prepared so that the
recrysdlisation behaviour of the outer 100-200mm could be more eesly observed. The
progresson of the secondary recryddlisng front can be seen as it gpproached the outer
surface during the firg 45 seconds of anneding in Figure 23. The recrystdlisng front was
not planar and did not intersect the tube outer surface evenly. Rather, it advanced more
rapidly directly benegth the centres of the tracks Ieft by the flow forming rollers and reached
the outer surface firs at these track centres. This resulted in the “comb-shaped’ distribution
of the primary recrystdlised dloy seen in the tgper sections, as primary recrystdlised materid
extended more deeply into the tube wal below the edges of the roller tracks. The dloy
directly below the track edges appeared to be less prone to secondary recryddlisation than the
dloy below the track centres and forms week bariers to the axid Spread of secondary
recrystdlised grains a the tube surface. Secondary recrysalisation appeared subject to no
such barriers in the hoop direction and grains were, therefore, free to develop a subgtantia
hoop- orientated GAR.

The result of dl these effects is tha the find secondary recrysdlised grain sructure varied
consderably through the tube wadl with four (arbitrary) regions of diginct grain morphology
and sze The extent of these regions is shown schematcdly in Fgure 24 and the
morphology of the grains is described in Table 2. Except for the outer hoop-orientated
gructure, the grains in the rest of the tube were found to be eongated, with mgor axis pardle
to the tube axid direction. The grain sSze was found to increase markedly towards the inner
aurface of the tube, which implied much more limited nudeation of recryddlisation away
from the tube outer surface. Moreover, the GAR changed with increesng gran sze
becoming more equiaxed in the axid-hoop plane. As mentioned, the flow forming process
aoplies rolling forces from the outsde of the tube giving a deformation gradient through the
tube wal with high deformation and high nudeation rates at the tube outer surface and lower
total deformation and nuclegtion rates a the tube inner wall.

Figure 24
Schematic diagram showing the distribution of the four
regions of different grain size and shape through the tube wall.

Table?2
Region Grain sizes [mm]
depth [mm] | Axial Radial | Hoop
Region A 10 600 10 50000
region U Region B 140 650 90 100
Region C 150 2500 150 1500
Region D 400 10000 350 7500

The shdlowness of the outer layer of hoop-orientated grains is linked to the difference in
recrystalisation kinetics seen at roller track centres and edges. It is likely, therefore, that the
depth of deformation during forming per se is not sufficient to produce such grain structures.
The levels or types of deformation at the centres and edges of the tracks left by the flow
forming rollers was thought of at least equa sgnificance and worthy of further investigation.
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With this in mind, Electron BackScattered Diffraction (EBSD) data was collected from
different areas of a taper sectioned sample of tube W7 using a CamScan X500 Crystal Probe.
The sample had been anneded for (nomindly) 15 seconds at 1380°C. Data were collected
from primary recrystalised materid a the outer surface of the tube from posgtions below both
the roller track centres and edges. Data were collected from immediately below the tube outer
surface, from points deeper into the tube wal, and aso from postions below severd separate
roller tracks, to check that any effects were periodic and associated with roller tracks and not
samply random fluctuations.  <100> pole figures and misorientation angle digtribution
histograms from points at the track centre and track edge and just below the tube outer surface
are shown in Figure 25.
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Figure 25
<100> pole figures and misorientation angle digtributions from areas a the centre and edge of
the flow forming roller tracks just below the outer surface of tube W7.

The plane of the page is pardld to the tapered sample surface and is a an angle of
goproximately 3° to a plane tangentiad to the tube surface. The Y direction is pardld to the
tube hoop direction and the X direction pardld to the tube axis. The stronger pole figure
shows a texture with <100> normd to the tube surface and <110> pardld to the tube axis and
hoop directions The deviation of the man spot from the figure centre is due to the 3°
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difference in tube surface and sample surface.  There is evidence of some fibrous rotetion
around this centrd axis and the figure is dtogether smilar to those found in cold flow formed
tubes!'?  There is dso a wesker texture with <111> norma to the tube surface and <110>
pardld to the tube axis. The pole figure from the roller track edge is much weeker and less
well defined. Although there are amilarities with the figure from the track centre, the primary
texture is barely discernable and the secondary texture seen at the track centre is not apparent
a dl. The misorientation angle didribution hisograms aso show differences between the
two areas. It can be seen that at the roller track centres there is a dightly higher concentration
of low angle gran boundaries paticulaly between neighbouring (Corrdated) grans,
whereas a the track edges the misorientation angle distribution approaches the theoretica
random distribution.

It would appear that the deformation level at the surface of the tube adong the centres of the
flow forming roller tracks is dgnificantly higher than that a the track edges. The texture a
the track centres is dronger and there is a higher concentration of low-angle or subgran
boundaries, implying higher didocation concentrations.  This is not unressonable as the
geometry of the flow forming rollers is such that the diameter of the rollers at the leading and
trailling edges is less than that a the centre-line of the roller face so that the roller bears much
more heavily on the tube aong the track centres than it does a the edges. It may be that the
reason that the materid a the track centres recrystalises so much more readily than that at the
track edges relates to a greater locd driving force for recrystdlisation.

CONCLUSIONS

Powder particle sze has no effect on short-term oxidation behaviour. However, a large
range of particle szes in a powder sample can lead to close packing of the powder
particles and the formation of a ‘crus’ on the surface that subgtantidly protects powder
within the sample from further oxidation.

The presence of duminium depleted regions (ADRS) within powder particles leads to the
formation of defective, rgpidly-thickening scades, and reduces oxidaion lifetime by 53%
inlong term cyclic oxidation of powders.

Oxidation of ODS-FesAl and PM2000 powders during high temperature annesling
processes may be reduced by hydrogen purging of the canned powders, cold compaction
of the powders or a combination of these two techniques prior to consolidation.

Porogity is not seen to develop in ODS-FesAl as it does in PM2000 after protracted high-
temperature anneding. However, intrusons are observed to become detached from the
bulk dloy by the growth of oxide particles and/or pores around the intruson.  Aluminium
nitride particles grow within the bulk aloy due to ingress of atmospheric components
through an unprotective dumina scae.

The indudon of vibrating baffles in fluidised beds of medlic powders gives some
improvement to the separation characteristics. However, powder particle morphology is
the prevaent factor in terms of segregation.

A PM2000 dloy variant has been produced containing up to 1 wt.% of ODS-free Fe-
powder, Ealy results suggest smilarities between the recryddlisation behaviour of the
ODS-free Fe variant and ODS FesAl (variant PMWY 2) containing fine-grained stringers.

The recrygdlisaion behaviour of PM2000 is not reedily affected by the recrysalisation

of adjoining sted dructures due to the disparate nature of the two dloys recrystdlisation
parameters.
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Attempts to influence the recryddlisation behaviour of PM2000 by the addition of
adumina paticles have so far been unsuccessful. It is thought that the 0.86nm MPD
particles are too smdl to be effective.

Flow forming has been used to produce PM2000 dloy tubes with hoop-orientated grains
at the outer surface and enhanced hoop creep strength.

Grain gructures formed in flow formed and secondary recrystdlised PM2000 tubes are
complex and ae influenced by macroscopic variations in level of deformation-through-
thickness. Varidtions in the levd and nature of deformation & the outer surface of the
tubes are spatidly directly related to the tracks on the surfece left by the flow forming
rollers.
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