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1 Introduction

The work detalled within this report is a continuaion of earlier work that was carried
out under contract number 1DX-SY382V. The ealier work comprised a literature review of
the sources and types of defects found principdly in Fe-based ODS dloys together with a
sries of experiments desgned to identify defects in ODS FesAl materid and recommend
methods of defect reduction. Defects found in the Mechanicdly Alloyed (MA) ODS FesAl
induded regions of incomplete MA, ‘porogty’, intrusons and finegraned dringers. Some
defects tended to be found in asociaion with one ancther eg. intrusons and fine-grained
gringers. Prdiminary powder separation experiments were dso performed.

The scope and objectives of the present work were lad out in the technica proposd
‘Reduction in Defect Content in ODS Alloys—II" which formed the bass of amendment 3 of
the current contract. The current Studies were devised in the context of the preceding work
with a view to extending and conduding certain experiments while exploring new avenues of
invedtigation of defect control and reduction where gopropriate. All work proposed was
within the context of achieving an ODS FesAl dloy of improved overdl qudity and potentid
cregp peaformance (paticularly) in the consolidated, relesse condition. The interim outturn of
the experimenta work performed is reported in the following sections.

2 Factors controlling levels and distribution of porosity.

If the formation of microporodty is to be propely undersood, its origin should be
acataned. To this end, TEM dudies have been peformed on samples of FesAl from
vaious dages in its manufacturing process, from the as-wrought powder to the consolidated
dloy. The diversty of annedling response and microgtructurd changeisillustrated.

FEG SEM dudies of the seconday recryddlistion process provide quantitative
andyss of the development of the secondary dructure and investigate associations between
grain structure evolution and the formation of porogty.

The degassing behaviour of FesAl and PM2000 powders is compared and contrasted
& hydrogen evolution is messured during degesing anneds.  Work is in progress to

accurately emulate the degassing regimes used by Plansee.

2.1 TEM of Fe;Al powders.

TEM invedigaion of fully Mechanicdly Alloyed (MA) FeAl powdes was
conddered important in order to gain information on feetures that were likdy to be beow the
resolution limit of FEG SEM and might play a role in the emergence of defects in subseguent
dages of the consolidation and processng route. Festures of potentid interest included
micro-porogty, didocations, dispersoid particles and the aswrought microstructure.

Electron-trangparent samples of FesAl powder were prepared in the following way:

High concentrations of Fe;Al powder were mixed with an epoxy resin.

The mixture was packed into a 3mm O.D. thin-wdled danless sted tube and dlowed

to cure.

Transverse “sdami-like’ dices gpproximatdy 0.5mm thick were cut from the filled

tube and were mechanicdly polished to <100 micron thickness The resulting discs

of powder/epoxy were separated from ther danless sed outer and mounted on a

copper grid.



Mounted samples were thinned to dectron trangparency usng a Gatan Precison lon
Polishing System (PIPS).

Samples were examined using a JEOL 2000FX TEM at an accelerating voltage of 200kV.

The intention is to chedk whether defects are confined to particular sze fractions of the
seved powder or to specific powder anneding trestments. This presents a large matrix of
possble experiments from which to choose a dating point. It was therefore decided to
commence work usng samples of Fe;Al powder from the smdlest and second largest Sze
fractions and untsieved powder which had been annegled to give complete recrystalisation.

Fgures 1a and 1b show, respectivdy, a TEM microgrgph of an aswrought FesAl
powder patice from the <75micron Seved Sze fraction and an accompanying sdected area
diffraction pattern.

Figure 1a Figure 1b

TEM micrograph of an aswrought Fe;Al powder Sdlected area (500nm aperture) diffraction

particle from the <75micron sieved fraction. pattern from an area such asthat shown in
Figure la

The microdructure is dearly cryddline with a gran dze of aound 50nm. The
diffraction pettern in Figure 1b shows a feritic sructure with a latice parameter of 0.305 nm.
Ary latice deformation due to dadic dran is evenly didributed throughout the region, as
the diffraction rings are reasonably crisp and well defined.

TEM samples prepared from the second largest dze fraction (>425 <600microns) of
the FesAl powder showed microdructures essentidly smilar to those in the <75micron
powders dthough with some differences. Figures 2a and 2b show a TEM micrograph and its
corresponding diffraction pettern, respectively.

It can be seen that the microstructure and SADP in FHgs 2a and b are generdly
gmilar to those shown in Figs la and 1b. Fgure 33 however, shows that regions of
extremdy fine gran sze (~5nm) dso exig within the coarser powder fraction. The fine-
graned nature of aress of this powder particle are confirmed by the diffraction paitern shown
in Fgure 3b, which exhibits an essentidly continuous ring structure.



Figure 2a Figure 2b

TEM micrograph of an asM A Fe;Al powder Sdected Area (500nm gperture) Diffraction
particle from the >425 <600micron sieved fraction. Pattern (SADP) from the area.shown in Figure 2a

An additiond feature gpparent in Figure 3a is the ‘layered arangement of the grain
gructure (arowed). The origin of this gran morphology may be the folded sructure
commonly obsaved in fully processed MA powders. If it is rdated to the MA dructure then
the orientetion of the ‘layers would vary throughout a powder paticle and only certan
regions would present the ‘layers edge-on to the section of the TEM sample  This may
partly explain the infrequent observation of the ‘layered’” structure throughout the particle.

Figure 3a Figure 3b
TEM micrograph from afine-grained region in Sdected area diffraction pattern from the region
an aswrought FeAl powder particle. shown in Figure 3a

The differences in microgructure observed may be specific to different sze fractions
and caused by vaying degrees of milling. However, a this stage, untii more samples have
been examined it is difficult to draw rdiable condusons from such differences as vaiation
occurs between powder particles derived from the same sSeved fraction.



A sample of unseved FesAl powder was fully primary recrysdlised by anneding for
1 hour a 900°C under vacuum. Although opticd microscopy suggested that the powder had
been fully recrystdlised, TEM indicated otherwise. TEM of the microgtructures of the fully
recrystallised powder is shown in Figures 4a and 4b.

Figure 4a Figure 4b
TEM micrograph of coarse grainsin arecrystallisal Sdected area diffraction pattern from the region
sample of unseived FeAl powder. shown in Figure 4a B=<133>

The grains shown in Figure 4a extended much further than the thin area of the sample and are
therefore not wel defined in the micrograph. However, the trandformation is obvious if
compared with a fine-grained region and it gopears that primary recryddlisaion of the
powder has taken place in this aea The recryddlisation and grain growth dso give rise to
sngle arysd diffraction petterns from the selected area as shown in Figure 4b.

Perhgps surprisngly, recrysdlisation was by no means as complete as had been suggested by
opticd microscopy. Fgure 53 for example, shows a fine-grained region with an associated
‘layered area amilar to that seen in FHgure 3a  The accompanying diffraction pattern (Fg.
5b) indicates a polycrystdline structure superimposed on asingle crystd paitern.

E.
i_.;}-

Figure 5a Figure 5b
TEM micrograph from an anneded and supposedly Sdected areadiffraction patter from theregion
recrystalised sample of unseived FeAl powder. shown in Figure 5a B=<113> (brightest spots)




One explanation of this obsarvation is an overlgp of many fine grans and a recrysdlisng
gran, dthough this is not dear in the image which highlights the fine-grained microgtructure,
In any case, coarse and fine grans exig in immediate proximity. The presence of such
regions resdant to recryddlisation is surprisng given the dored energy of deformation
within the powers following MA. The obsarvation suggests an inhomogeneous response to
anneding exigsin the FesAl even a the powder stage.

Regions comprisng only fine grans dso exiged in the ogenshbly recrysdlised
sample as shown in Fgures 6a and 6b. The diffraction rings in Figure 6b are extremely thick,
suggesting that a range of latice parameters based around the ferritic structure existed within
the area andysed. When compared to other diffraction patterns, it can be seen that the
thickening of the rings occurs only in the direction of the centre of the pattern, implying a
range of latice parameters grester than those measured from patterns with well-defined rings.
Such a vaidion in lattice parameter may be due to a recovery or chemicd homogenisation
process dthough the change is contray to that observed by XRD in anneded powders
[Report No. ORNL/sub/98-SY 382/01].

40nm

I
Figure 6a Figure 6b
TEM micrograph of afine-grained region within Sdected area diffraction pattern from the region shown
an annealed FeAl powder particle. in Figure 6a, showing thethick, polycrystalinering

pattern.

Ovedl, the powder gppears to be Hill in the late Sages of primary recrysdlisation, as
illusrated by the coexigence of both coase- and fine-grained regions within the same
paticles. Figure 7 shows the interface between such coarse and fine grained regions a an
advancing recrystalisation front.

TEM reveded that both recovery and recrysdlisgion are not nealy as complete as
suggested by optical microscopy in these samples anneded a 900°C. It is perhgps surprisng
tha these heavily deformed regions have ressed primay recryddlisgion following
anneding a thee temperaures.  While it is presently uncler why there should be such a
range in the primary recrysdlisation temperaure of these powders (it was previoudy clear
that FesAl commenced recryddlisaion a temperatures as low as 550°C)these observations
do underscore the inherent variability in these materids even a the powder stage.  Such
vaiadility may cary through to the consolidaed dloy and influence the secondary
recryddlisation process as well. Further work is necessary to understand more about the
causes of this variability snce it may be inherent to issues of qudity control.



Figure 7
The interface between coarse and fine-grained meteria
in arecrystalising powder particle.

2.2 Microstructural evolution of secondary recrystallisation : Quantitative analysis

Both partidly and ‘fully’ secondary recrygdlissd FesAl have been dudied in order to
undersand the likdy origin and evolution of defects such as finegraned dgringers in the
notiondly fully secondary recrysdlised state, aswell as the development of porosity.

Sanples of asextruded Fe;Al rod were anneded for 15, 30 and 45 minutes at
1275°C. These samples were examined together with and as-extruded maerid and meterid
that had been ‘fully’ secondary recrystallised at ORNL.

Imege andyss of channdling contrat FEG SEM  photomicrogrgphs from  these
anneded maerids was peformed ether maenudly by superpostion of a grid or usng
thresholded images and the image andysis program NIH Image 1.61.

2.2.1 Development of secondary recrystallised grain structures with annealing
time.

The aea fractions of primay and secondary recrystdlised Fe;Al were determined
from FEG SEM imeges. Thex daa ae represented in Figure 8 as volume fractions of
primary and secondary recrystalised materid versus anneding time.

The volume fradion of secondary recryddlised materid increased rapidly during the
firda 15 minutes of anneding theregfter gpproaching the 100% level asymptoticaly. Even
after 45 minutes, only a few fine-graned primary recryddlised regions remaned. Clearly,
removd of aty undelying microdructurd heterogenaities which mantain  such  regions
would result in dgnificant reductions to the anneding time to achieve complete secondary
recrysdlisaion a 1275°C.
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Volume fractions of primary and secondary recrystallised
Grain structures in FeAl with progressve annedling time at 1275°C.

2.2.2 Evolution of pore size with secondary recrystallisation annealing time.

As mentioned in a previous report [Report No. ORNL/sub/98-SY 382/01], much of the
apparent porosity obsarved in polished sections of consolidated FesAl can aise due to
dissolution of the interface between the AI(ON) partices and the dloy matrix by the akdi
polishing medium, endbling these patices to drop out of the marix. However, not dl
obsarved phenomena can be whaolly explained by this dissolution effect. For example, there
isachange in goparent pore sze with annedling time as shown in Figure 9.
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Changein pore sizein consolidated FeAl with
anneding time at 1275°C.

The pore sze increeses by a factor of »25 between the as-extruded and ‘fully’
secondary recryddlised dloy. As it was fdt that this might be due smply to softening of the
dloy during anneding with correspondingly more rgpid removd of maeid by the palising



process, paticulaly a edges, the microhardness of the primary and secondary recrystdlised
areas was determined at different annedling times. The results are shown in Figure 10.
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Figure 10
Change in microhardness (Vickers) of primary and
secondary recrydtallised materia with anneding time.
The standard deviation of each data point is shown.

The microhardness of the primay recryddlised regions does indeed drop
dgnificantly during the firda 30 minutes of anneding. However, the levdling off of hardness
a times gregter than 30 minutes is not condgent with the continuoudy increesng pore Sze
obsarved. Moreover, the hardness of the secondary recrystdlised regions appears to increase
with anneding time agan, incondset with an increase in pore sSze due to softening. It
would seem, therefore, that coarsening of the Sze didribution of gpparent pores is not due
only to decreasng hardness but to other, as yet obscure, effects. Nevertheess, the data would
suggest that not all the porosity effects are artefacts.

2.2.3 Pore spatial distribution in annealed samples.

The number and spatid didribution of pores in a given aea were andysed in
transverse sections of FeyAl samples after various anneding times a 1275°C.  The number of
pores fluctuated a random around a vaue of 0.87 pores per square micron, showing no trend
with annedling time. This seems to imply ether that the pores are nuclested before or are
associated with features that exis before secondary recryddlisstion anneding. This is
condgent with the previous observation that the pores are asociated with AlI(N,O) particles
present immediately after consolidation.

The didribution of the pores was andysed and compared with a Poisson digtribution
to ascatain whether the pores were randomly distributed or existed in dugers.  Fgures 1la-e
show the reslts of this comparison in terms of the number of pores that occur within the
individua squares of alarger grid.

Supeficidly, the actud and Poisson ddributions appear to match wedl as would be
expected for a digtribution of pores that is in the transverse section. However, c? tesing of
curve fit is less conclusve, with good fit in some cases and poor fit in othes  The
implications of the c? andlysisis currently being assessed.
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These results imply that the didribution of pores (and therefore AI(N,O) particles) is
random in the transverse section of consolidaed FesAl.  In the longitudind section the
digribution is cearly not random as the porespaticles are aranged in loose dringers as
previoudy reported [Report No. ORNL/sut/98-SY 382/01].

2.2.4 Evolution of primary recrystallised grain size with annealing time.

The average gran Sze of the remaning primary recrysdlised maerid was found to
increese with anneding time, as shown in FHgure 12. From the homogenety of the grain size
digributions, it seems that this dow coarsening is due to progressve normd gran growth
driven by retlaned dran and gran boundary energy. No further sudy of this phenomenon
was performed.
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Figure 12
Increasein primary grain size with annedling time.

2.2.5 TEM analysis.

The fine-graned regions that reman in the ogendbly fully secondary recrysdlised
dloy ae likdy to be remnants of the primary recrysdlised microgtructure which, for some
resson, have ressed the secondary recrysdlisstion process, having arested the advancing
secondary recryddlisation front. To ascertain whether or nor this is the case and to try to
discover microdtructura festures  which may explan this resdance to secondary
recryddlisstion, TEM specimens were prepared and studied from samples a different stages
in the secondary recrystd|lisation process.

Examples of the initid, primary recryddlissed microdructures can be seen in the
longitudind and transverse sections shown in Figures 13a-b, respectively.

The dongated morphology of the gran dructure is seen in the longitudind section.
Pinned didocaions are visble a dispersoid particles.

After 15 minutes anneding a 1275°C, the mgority of the sample had undergone
secondary recryddlisation. The area of mogt interest for TEM examination was the interface
between secondary and primary recrystalised regions.



Figure 13a Figure 13b
TEM micrograph of alongitudina section through TEM micrograph of atransverse section through
primary recrystallised FeAl bar. primary recrystallised FeAl bar.

Figure 14a shows such an inteface in a longitudind section with primary and secondary
recryddlised maerid dealy visble Also gppaent ae the loose dringers of Al(N,O)
paticles, which are paticularly clear in the secondary recryddlised materid. The secondary
recrystdlisng interface can be seen to follow a line of particles for a few microns (arrowed)
and then bresk away. Figure 14b dso shows a longitudina section, a higher megnification,
and concentrates on the digpersoid and didocation didtribution in a primary recrysdlised
region. The middle region of the grain in the top of the micrograph can be seen to be dmost
dispersoid and didocation free In adjacent grains and a the extremities of this particular
grain, the digpersoid concentration was higher and there was an associated  higher
concentration of pinned didocaions. Such dispersoid free regions in the dloy represent locd
regions of reduced driving force for secondary recryddlisation. However, the reduced
driving force is to some extent counterbdanced by an assodiated reduction in boundary
pinning.

Figure 14a 7 Figure 14b
TEM micrograph of the secondary recrystallisation TEM micrograph of the didocation and dispersoid
interface in alongitudina section of FeAl annedled distribution in primary recrystallised grains of FeAl

for 15 minutes at 1275°C. anneded for 15 minutes at 1275°C.



Further evidence of AI(N,O) paticle pinning effects a a secondary recrysdlisation
interface are shown in Fig. 15, taken from atransverse section.

Figure 15
TEM micrograph of Al(N,O) particles dong the secondary recrystalisation
interface in atransverse section of FesAl anneded for 15 minutes et 1275°C.

After 30 minutes anneding & 1275°C, more of the primary recrystdlised materid had
been consumed but the secondary recryddlisation interface areas remained smilar.  See, for
example, the transverse section in Fg. 16a An interesting and possbly important feature
discovered in secondary recryddlissd maerid is shown in the longitudind section presented
in Hg. 160.

caks

Figure 16a . Figure 16b

TEM micrograph of atransverse section though TEM micrograph showing a‘loop’ of AI(N,O) particles
consolidated FeAl anneded for 30 minutes at in secondary recrystalised materia from alongitudina
1275°C showing primary and secondary section of FeAl annealed for 30 minutes at 1275°C.

recrystallised material.

A concentraion of AI(N,O) paticles can be seen to describe a ‘loop’ surrounding
materid with a noticesbly lower concentration of digpersoid paticles It seems likdy that this
concentration of digned particles could represant the fragmented remains of surface oxide
scde present on an individud primary powder particle prior to consolidation by extrusion.



Such evidence suggests that paticularly deeterious spatid didributions of partices can pass
through consolidation processes such as smple uniaxid extruson redively undisurbed, to
unduly influence later thermomechanica processes.

At the TEM led, only the proportions of primary and secondary recrystdlised
materid seemed to have dtered after 45 minutes anneding a 1275°C. The transverse section
in Fg. 17 showing the secondary recryddlisad interface area is unremarkeble, dthough the
digersoids and paticles in the secondary recryddlised maerid near the interface do form
intriguing petterns reminiscent of the ‘loop’ seen in Fgure 16b.  Also, some of the dringers
of paticles in the secondary recryddlised materid coincide with grain boundaries in the
primary recrystalised materid at the recrystdlisation interface.
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Figure 17

TEM micrograph showing a secondary

recrystallised interface in atransverse section of F&A
annedled for 45 minutes & 1275°C.

Figure 18
TEM micrograph of ‘loops’ of particles found
in ‘fully’ secondary recrystallised FeAl.

Figure 19
TEM micrograph of atransverse section through the
alloy PM2000.



Remnant areas of secondary recryddlisng interface in notiondly ‘fully’ secondary
recrystdlised samples are difficult to locate, particulaly given the redricted cross section
represented by TEM samples. No images of reasonable qudity have o far been obtained.
Those aress that have been observed tend to imply that the interface area is much the same as
in partidly secondary recrystalised samples a shorter annesling times.

Figure 18 shows more spatidly aranged ‘loops of particles observed in a secondary
recrysdlised region of a ‘fully’ secondary recryddlised sample of FesAl.  No such ‘loops
have been observed in other ODS dloys such as PM2000. Fgure 19 shows a typicd view
from a transverse section of PM2000 where there are generdly fewer of the larger AI(N,O)
particles and no loops of particles

23 Degassing of Fe3;Al and PM2000 powders.

Further experiments on the degassing behaviour of both PM2000 and FesAl powders
have been continued in the current round of experiments.

Smdl quantities of powder $0.25g) have been heated in a tantaum boa that could be
resgivey raised to temperaiures in excess of 1000°C within 3 minutes. A thermocouple was
immesed in the powder and another spotweded to the tantdum boat.  This hesting
assambly was contained within a cusomised vacuum system, pumped by a diffuson pump
and a sputter ion pump, a a pressure of <10° mbar (at room temperature before heating).
Totad sysem pressure and patid gas pressures were messured using a VG Masstorr
quadrupole mass spectrometer.  The system pressure was dso monitored with an ion gauge.
The mass spectrometer and thermocouples can be connected to a PC via an A/D converter in
order to improve sampling rate and accurecy.

2.3.1 Isothermal degassing.

A series of experiments has been peformed in which smdl quantities of Fe;Al and
PM2000 powder were isothemdly degessed a a range of temperatures and the hydrogen
partid pressure messured with time.  Results were plotted as partia pressure versus time and
are shown bdow in Fgures 20ab.

FeAl

PM2000
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Figure 20a . Figure 20b
Graphs of hydrogen patia pressure versus time for @ FeAl and b) PM2000 powders isothermally degassed at a
range of temperatures.

The form of the curves is essentidly Smilar, with a pesk in pressure on initid heating
that talls off with time as the hydrogen was outgassed and pumped away. There are,
however, two sgnificant differences between the behaviour of the two powders.



Apat from the 100°C curve, the curves for Fe;Al & dl temperaures follow the same
locus whereas the curves for PM2000 show a progressvely dteeper decline from the pesk
pressure as the temperature increases.

The PM2000 behaviour is presumably due to the increesed degassing kinetics a
higher temperaiures. Hydrogen degaessng behaviour of the FesAl powder does not gppear to
be as temperature enstive as that of the PM2000 and the overdl volume of hydrogen given
off issmdler.

The second difference between the FezAl and PM2000 is that there does not gppear to
be any subgantid ges evolution from PM2000 a 100°C whereas a strong peek is observed at
this temperaiure for FesAl. From these results it may be concluded that PM2000 requires a
higher activation energy than does FesAl, dthough it is not clear why this should be the case
In the next section, however, it is shown tha the result fa the FesAl is anomdous and is
probably due to experimenta factors such as hot spots on the tantaum boat.

2.3.2 Outgassing with increasing temperature.

In order to ducidae the differences in hydrogen release kinetics exhibited in FesAl
and PM2000 powders, samples of powder were heated a a dowly increasing $1°C.s) rate.
The results were dso compared to degessng of a chemicdly completey different powder:

water-atomised pure copper. The hydrogen degassing results for dl three powders are shown
in Hgure 21.
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Figure 21

Hydrogen partia pressure versus temperature curves for Fe;Al, PM2000 and pure Cu powder.
Heating rate »1°C.s™

As can be seen, the kinetic behaviour of the Fe;Al and PM2000 powders is identicd,
dthough there does gppear to be a greater amount of gas released from the PM2000. Both
dloys require degassing temperaures to atan 110 - 120°C for dggnificant amounts of
hydrogen to be evolved. The daa for FesAl & 100°C in the previous section may therefore
be assumed to be anomalous as mentioned.

The curve for the pure copper powder was reatively flat and any increase in hydrogen
patid pressure was mirrored by a smilar increese in totd pressure caused by generd
degassng of the furnace during hedting. The results gahered from the ODS powders are



therefore conddered to be indicaive of the powder behaviour and not due to experimentd
artefacts.

2.3.3 Total gas evolved.

In order to meesure the totd amount of hydrogen evolved from FesAl and PM2000,
the powders were heated up to 900°C in an evacuated but unpumped vacuum chamber and
the rise in pressure recorded. Given tha the quantity of powder is 0.25g, it is possble to
obtain an esimate of the amount of hydrogen outgassed per gram of powder.

Prdiminay resuts show that the quantity of gas evolved per gram of powder is
»15x10° mol. from FesAl and »15x10° mol from PM2000: a factor 10x higher in the
PM2000.

This result vindicates the earlier observations tha PM2000 outgases more than does
FeAl, and it is beieved that as a comparison of powder behaviour the results are religble.
However, as an absolute measure of gas evolved, the results are Hill conddered preiminary
and prone to experimentd eror. The mogt notable possble sources of eror are due to
contributions to the sysem pressure from furnace outgassing and lesks, and that the pressure
increase gpproaches the upper measurement limit for the gpparatus used.

2.3.4 Plant degassing simulation.

A dealed schedule of the degassng treaiment used by Plansee on the FesAl MA
powder has been obtaned. Experimentd procedure and apparatus are in the process of
assembly so that the degassng trestment used a the Plansee plant can be smulated on a
sndl scde in the laboratory. The intention is to ascertain what effects, other than hydrogen
removd, this process has on the FesAl powder. Powder patices will be examined before
and after the degassing treatment.

It is bdieved that the origin of the large amount of paticulae AI(N,O) found in
consoidated FesAl may lie a the degassing dage of manufecture where the unusudly high
amounts of duminium in the dloy leave it open to the formaion of a surface scde of
duminium oxidenitride which fragments on consolidetion and becomes entraned in the
dloy. It may be therefore consdered worthwhile to atempt to achieve adequate hydrogen
removd from high duminium dloys such as Fe;Al by usng more carefully tuned degassing
trestments at lower temperatures than are presently employed.

2.3.5 Degassing summary.

Hydrogen is evolved from both FesAl and PM2000 powders on hedting, as would be
expected.  Kingticdly, the outgassing processes appear identicd in both dloy powders and an
‘activetion temperature of around 110°C is required for outgassng to commence. However,
there does gppear to be some difference in behaviour in isotherma tests where Fe;Al powders
outgassed over ashorter time period than did PMI2000.

It was found that, despite the dmilaities in kinetic behaviour, PM2000 powder
outgases ten times as much hydrogen than does FesAl.

There are two dternative conclusons that may be drawn from these results.
- More hydrogen in entraned within PM2000 powder during the MA process and therefore
moreis evolved during an outgassing annedl.



- Smila amounts of hydrogen exig within the as-MA FesAl and PM2000 powders, but
PM 2000 powder releases its hydrogen more reedily on annegling than does Fe;Al powder.

The next gep in this saries of expeaiments is to deemine the amounts of hydrogen

contained by the two dloy powders prior to degassing. This information will darify which of
the above condusions should be drawn.

3 Origin and control of fine-grained regions in secondary recrystallised structures.

31 Sieving of Fe3Al and PM2000 powders.

Approximatdly 200g eech of FesAl and PM2000 as-dloyed powders were dry Seved
and separated by powder paticle sze. The Fe;Al powder (200.01g) was Seved in a vibraing
dack with mesh szes of 75, 150, 212, 425 and 600 microns. The PM2000 powder (200.04g)
was dmilaly seved but usng mesh szes of 75, 150, 212 and 300 microns. All fractions
were weighed and retained. The resultant weight fractions are presented in Teble 1.

Mesh sze FeAl PM2000
[um] wi% wit%
>600 0.08 -
>425 0.96 -
>300 - 0.01
>212 215 0.06
>150 199 0.28
>75 14.23 130
<75 8042 99.39

Table 1

Fractions of Seved powders expressed as percentages of the starting weight of the powders.

It may be noted that the percentages exceed 100%. This is due to the weighing of some impurities present in the
sieves.

The fractions collected by the largest mesh Szes were sudied to investigate whether
they were sgnificantly different to the bulk of the powder in any respect gpart from Sze.

3.2 Particle morphology.

Large powd particles were mounted and studied by SEM. Micrographs of the ODS
FesAl and PM2000 powder particles are shown in Figs. 22a-b, respectively.

The Fe;Al patide shown was typicd of the largest powder fraction and showed
severe cracking and splitting.  Pockets packed with smal powder particles are gpparent on
the paticle suface. A smdl number of the largest particles looked more homogeneous and
more like overszed versions of the sandard sized particles.

Many of the PM2000 large paticles were smply large but typicad powder paticles.
However around 30% of the particles were of the form shown in Fig. 22b. They appear to be
huge, generdly flake shaped agglomerates of smdler particles.
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Figure 22a Figure 22b

SEM micrograph of abnormaly lage SEM micrograph of dbnormdly large
ODSFeAl powder particle. PM2000 powder particle.

Sectioned samples of the large FeAl particles were prepared, etched and examined by
optical microscopy to invedtigaie the extent of the cracking gpparent on the surface. One
powder patide is shown a two different magnifications in Fgures 23a-b. The cracking
extended through the whole width of the particdle incdluding the fragmented inner regions. The
mottled gppearance of the dloy was due to etching of the micro-wrought MA sructure of the

dloy.
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Figure 23a Figure 23b
Optica micrograph of alarge FeAl powder Higher magnification of figure 23a
particle showing extensive cracking and
fragmentation.

33 Aluminium-depleted regions.

Transverse sections of the largest paticde sze fractions of Fe;Al and PM2000 were
prepared to a fine polish with negligible surface damege. Thee samples were examined in a
FEG SEM in backscattered imaging mode to teke high resolution SEM images, to check for
areas of cryddlinity via channdling contras and to check for chemicad inhomogenety via
the backscattering efficiency. Images are shown in Figures 24ab bdow. The PM2000
microgrgph shows the agglomeration of smdler patides and the bland, uniform contrast of
the section through the homogeneoudy MA dloy. In the ODS FesAl, cracking is apparent, as
wdl as a fine didribution of bright regions These bright regions are not obvious in a



secondary electron image of the same area and 0 are not due to channdling effects but to
chemica differences and the resulting local change in backscattering coefficient.

Figure 24a Figure 24b

Backscatered eectron image of large FeAl Backscattered dectron image of large PM2000
powder particle. powder particle.

3.3.1 EDS analysis.

EDS andyss of the bright regions showed them to contain litle or no duminium,
comprisng ingead only iron with a little chromium, as shown in Figure 25. The resulting
increase in average aomic number gives rise to the enhanced back scattered eectron contrast.
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Figure 25
Backscettered eectron image with corresponding EDS  spectra from  inhomogeneities in the largest FeAl
powder particles.

3.3.2 Electron microprobe analysis.

Energy dispersve microprobe andyss was used to obtan quantitaive (with
dandards) andyses of the compogtions of the duminiumdepleted inhomogendties and the
surrounding dloy marix.  The compostions of mairix and inhomogeneity from two powder
particlesare shown in Table 2.



As indicaed by the prdiminay EDS andyses the duminium leves found in the
inhomogendties were very low or negligble  The duminium leves in the matrix ae d

much lower ((J40% lower) than those expected for this dloy.
The chromium levdsin the inhomogenétieswere goproximatdy haf of those in the matrix.

Matrix Inhomogeneity Matrix Inhomogeneity
Particle A Particle A Particle B Particle B

Iron 86.2 97.1 86.4 98.7
[wt %]

Aluminium 111 12 110 0.1
[wt %]

Chromium 2.7 17 26 12
[wt %]

Table 2

Electron microprobe anaysis of two ADRs and the surrounding matrix.
3.3.3 Size and distribution.

Samples of powder from each gze fraction were mounted, sectioned and polished and
severd backscattered dectron images teken from each sample usng SEM. These images
were andysed to obtain data on the Sze and didribution of the duminium depleted regions
(ADRS).
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Figure 26 Figure 27

Plot showing areafractions of ADRsin different
FesAl powder sizeranges. The ranges >425 and
>600 micronsin size contain extremely large ADRs.

Plot showing the numbers of ADRs per mnf in
different FeAl powder Size ranges.

Figure 26 shows the area fraction of ADR in different particle Sze ranges. The orange
portions of the bars for the two largest Sze ranges show the effect that unusudly large ADRs
(>200um) can have on the area fraction if included in the count. The blue bars represent deta
that indlude no such abnormally large ADRs from which it can be seen that generdly the area
fraction of ADR for each sample is not dependent on patide sze This implies tha the
overd|l amount of duminium depleted materid issmilar in dl szefractions,

Figure 27 shows the number of ADRs per unit area for the different Sze fractions
The plot does not show any obvious trend with partide sze.

The implication of the above is that the overdl degree of milling across the powder
Sze range is reasonably congtant with some notable exceptions. These exceptions occur when
a massve ADR exigds in a powder paticde. Such ADR's dramaticadly increese the area
fraction of aduminium depleted maerid in the paticde without overtly affecting the number
of ADR's pa unit aea These patides have dealy undergone ggnificantly less milling



than the mgority of paticles in the powder. This being so, they might be expected to contain
little or no srengthening oxide (Y AG) aswell aslittle protective oxide forming duminium.

3.3.4 Comparison with master alloy powder.

A sample of the preMA, gas-aomissed meder dloy powder wes obtaned and
specimens prepared for SEM andyss in the whole and sectioned date.  The objective was to
determine whether or not the duminium depleted inhomogendties (ADRS) were present in
the mager dloy. The morphology of a typicd meder dloy powder patice is shown in
Fgure 28a.

The sectioned specimen was examined by SEM in backscattered mode s0 that many
paticles could be surveyed for chemicd inhomogendty in a reasoneble time.  No bright
regions such as those obsarved in the MA powder were observed in the hundreds of particles
urveyed.  X-ray andyss of a more limited number (redtricted to tens) of particdes vindicated
the beckscattered SEM reaults, finding that the dloy had a compostion dmilar to tha
expected. Two typica spectra collected from two different particles are shown in Figure 28b.
X-ray andyds of the surface of particdes showed smilar results with a very smal copper
pesk. The copper is of unknown origin but is congdered inggnificant at this stage.

Li# : T By DoY)
Figure 28a Figure 28b

SEM micrograph of agas-atomised, pre-M A X-ray spectrafrom sections of two master
FeAl master dloy powder particle. alloy powder particles Smilar to that shown

in Figure 28a
3.3.5 Quality control issues

Initidly it was thought that the duminiumdepleted regions originaed from the
megter dloy powder and had not been homogenized by thorough milling. It can be seen,
however, that this is not the case and that the megter dloy is homogeneous. This implies that
duminium-depleted regions were introduced or generated during the milling process  This

coud occur via processes such as contaminaion or duminium  depletion by <Hective
oxidetion.

A dmple modd gpproximating an ADR to a sphere of radius 75um (not atypica for
some of the larger depleted regions) shows that it has a amilar volume to a ‘cylindricd’ fine-
graned dringer of radius 15um and length 25mm such as those observed in the ‘fully’



secondary  recryddlised consolideted dloy.  This presents the reasonable posshility  thet
ADRs and fine-graned dringers are linked, particularly condgdering the assumed low leves
of MA in the ADRs and an associated low dispersoid concentration (previoudy observed in
some fine grained stringers).

The low levd of duminium in the dloy marix is peculiar and may wel be redricted
to the largest dze fraction of powder paticles It is not cler how this arose and further
andyss of individud powder paticdes from different Sze fractions of the MA powder is
needed. One posshility is that duminiumdepleted fractions of the dloy may be more
ductile and less susceptible to the fragmentation process of bal milling and therefore exis a
alarger equilibrium sze within the mill as dictated by the welding / fragmentation process.

If the worst of the observed anomdies are indeed redtricted mainly to the largest sze
fractions of the MA powder then deving to remove the largest dze fractions ought to
dgnificantly reduce the proportion of microstructurd inhomogendties that leed to fine
graned dgringer defects in the secondary recryddlised condition. Moreover this should
fadlitate complete secondary recryddlisstion a shorter times or lower temperatures than
currently: ether reducing unnecessty coarsening of YAG during the process  Seving to
remove dl patides >425um in sze would result in the wadage of 1% by weght of the
powder bach (see Table 1) and would diminate the grestest regions of poor mechanica
dloying. This dze fraction could be re-cycled for remilling, leading to more or less zero net
lossin powder over anumber of batches

4 Fluidised bed powder separation trials.

Continued work, further to the trids dready peformed by the Universty of
Groningen, Halland, was due to commence after some delay in September 1999.
By this date a comprehengive plan of action had been prepared in Liverpool and 20kg of free
issue PM 2000 powder received from Plansee GmbH had been shipped on to Holland.
However, due to technicd difficulties invalving the lae manufacture and ddivery of key
components of the separdtion rig, the Dutch only began detailed experimentd work towards
the end of January 2000. Prdiminary results are expected shortly.

It hes been agreed with ORNL that FesAl powder will be Seved before consolidetion
and the deved fraction of large FesAl powder partides will be shipped to Liverpool and then
on to Holland to be used to ‘seed the PM2000 powder used for the separation experiments.
The seeding will dlow a known quantity of recognissble impurities to be added to the
powder baich and subsequently separated, thus giving an accurate messure of the separation

efficency.

5 Specification of a production schedule for Fe;Al with lower defect content.

In Section 355 recommendations ae made for amendments to the FesAl powder
consolidation process whereby the bulk powder is deved prior to consolidation in order to
preclude certain sSze fractions that contain high proportions of defects.

Experimentd  work presently in progress detaled in Section 234 is desgned to
discover the origin of the high volume fraction of AI(N,O) patides in consolidated FesAl.
Usng this data together with data dready collected (Section 2.3.1 — 23.3), it is hoped tha



recommendetions for a revised degassng trestment will be devised to provide further
reductions in dloy defect content.

6 Stimulation of interchange of non-confidential information, experience and
materials between European and US ODS alloy programmes.

Duing the course of the programme proactive steps have been taken to encourage the
interchange of informeation, experience and materiads between various energy programmes.

An opportunity has been opened up for the exposure of trid samples of FesAl materid
in a high temperature (currently up to 1100°C) gesifier in a European (Sydkraft) biomass
plant a Vanamo in Swveden. These trids will place the intermetdlic samples dongsde tubes
of PM 2000 dloy from a Europeen BRITE-Euram devdopmentd project. It shoud be
possble to negotigte exchange of daa beween these materids fadlitating vauable
compardive oxidaion daa in a fidd plait environment. A schemdic of the Vé&namo
biomass plant is shown in Fgure 29.

HEAT RECOVERY
STLAM GENERATOR
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HEATING

Figure 29
Schemdtic diagram of abiomass power generation plant.
By courtesy of Sydkrafi AB, Sweden.

The gedfier is used to prepare combudiible gases from pulverised wood fud in a
fluidised bed. Gadfication takes place a temperatures around 950 - 1100°C and at a pressure
of gpproximatdy 20 bar. Air is used as the gasifying medium and is supplied to the bottom of
the gadfier & a temperaiure of 200 250°C. A diagram of the Sydkraft gedfier illudrating
the podition of exposure samples is shown in Fgure 30.

It is intended that FesAl samples will soon be made avaldde for insation into the
gasfier.  The Universty of Liverpool is presently liasng between ORNL and Sycon
(conaulting arm of Sydkraft) to ascertan the sample specifications required by Sydkraft and
how they compare with FesAl product forms presently available & ORNL.



Figure 30
The Sydkraft gasification plant at VV&rnamo. [Approximately 40m high)
By courtesy of Sydkrafi AB, Sweden.

7 Interim Conclusions.

ODS Fe;Al powders have been examined by TEM in the as-MA condtion (by Seve fraction
d§z8) ad folowing aneding for 1 hour a 900°C. Initid outturn suggests, perhaps
unsurprisngly, that there is some vaiability in the microgructures found between powder
paticles However, of more surprise is the agpparent ressance shown by some powder
paticles to undergo subsequent recryddlisgtion from the very fine-graned as-MA  condition.
It has, for ingance, been found that ODS FesAl can commence recryddlisstion a
temperatures as low as 550°C yet can contan individud powders dill in an dmot
nanocrystdline condition following 1h anneding @ 900°C. Further work is bang performed
to undergand these phenomena

More sophidticated degassng trids have been peformed on ODS FeAl and PM 2000
powders in a custom vacuum sysem. These trids confirm earlier results indicating more
hydrogen is rdeased from the PM 2000 than the ODS FesAl powdes during degessing. In
fact it is edimated that there is a factor ~10 difference in the amount of hydrogen relessed:
15x108 molgm? ad 15x107 mogm? from the ODS FesAl and PM 2000, respectively.
What remains uncler a this dage, is very important and is being further investigaied, is
whether or not these differences in hydrogen released relate to differences in tota hydrogen
present in the two AsMA powders.

Detaled work has been peformed to assess the differences in powder size digtribution and
asMA powder qudity as a function of different powder sze fractions in ODS FeAl and PM
2000. The work has shown that the PM 2000 powder occupies a much narrower Sze range
(>9.3% dl powdas <75 mMm mesh dze) than ODS Fe;Al powders. For the leter, some
powder particles exceeded 600mm mesh size. Some of these larger powder particles appeared



to contan pockets of vey fine powder in crevices aound ther periphery. Results dso
indicated that there are regions of agpparently extraneous compodtion meaterid entrained in
the ODS Fe;Al powders (principaly Aldepleted) and that some of these identifiable regions
can be subsantid in Sze and appear to have ressted MA. Overdl these results suggested
there may wdl be a corrdation between the deleterious fine grained dringers which can be
retained following secondary recryddlisgion and the retention of some of these larger ODS
FesAl powder particles. As a result it has been recommended that ODS FesAl powders are
deved before consolidation to remove the agpproximady 1 wt% of powder patices >
400mm in mesh sze these should be returned for reMA. The origin of the egions of low Al
levd in the ODS FesAl powders could not be traced to the magter dloy. Further work on this
issueisin hand.

Sudies have been peformed on the fully consolidated ODS FesAl fdlowing both full ad
patia secondary recryddlisstion anneds It has been concluded that numbers of the pores
obsarved, which coarsen in Sze by a factor of ~2.5 between consolidetion and completion of
the secondary recrystdlisation anned (1h / 1275°C), are an artefact due to etching remova of
AI(ON) paticles. However, this is not the complete picture and it is congdered that a
proportion of the pores obsarved are likdy to be genuine Interim andyss suggests that the
pore didribution is more or less satidly random in transverse sections of extruded rad, as
opposed to the clear dignment of associated Al(ON) in gtringersin longituding sections.

There is cler evidence that migration of the secondary recryddlisng interface can be
interrupted by dringers and  concentrations of paticdes in the ODS Fe;Al. Moreover
comparison of transverse sections of ODS FesAl and PM 2000 suggest there are higher
concentrations of AI(ON) in the inteemetdlic dloy and these can be digned even in the
transverse section. It is fdt these may wel play a role in defining the ease with which
secondary recryddlisstion can be completed and the definition of find recrysdlised grain
boundary postions. Further work is in hand to edtablish the source of the differences in
concentration and didtribution of AI(ON) between the two dloy types. Spedific lines of sudy
are being pursued to thisend.

Work to edablish the potentid for segregatiion powders usng fluidised bed techniques haes
commenced. Results are expected shortly.

Opportunities have been established to expose coupons and samples of ODS FezAl dloy a
temperatures up to 1100°C in the gadfier attached to a Swedish biomass power generaion
faclity owned and operated by Sydkraft Va&me AB. These samples would be exposed
dongsde PM 2000 dloy being exposed as pat of a European funded BRITE-Euram project.
It is likely that corroson data from the biomass exposures can be exchanged between these
projects.



