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a b s t r a c t

Nanostructured oxide dispersion strengthened (ODS) Fe-based alloys manufactured by mechanical alloy-
ing (MA) are generally considered to be promising candidate materials for high-temperature applications
up to at least 1100 ◦C because of their excellent creep strength and good oxidation resistance. However, a
key issue with these alloys is the difficulty in using fusion welding techniques to join components due to
oxide particle agglomeration and loss in the weld zone and the disruption and discontinuity in the grain
structure introduced at the bond. In this study, the evolution of microstructure has been comprehensively
studied in friction stir welds in a ferritic ODS alloy. Initially, electron backscattering diffraction (EBSD)
was used to analyze the grain orientation, the grain boundary geometries and recrystallization behaviour.
It suggested that deformation heterogeneities were introduced during the friction stirring process which
facilitated the onset of recrystallization. Transmission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) were used to observe the effects of the friction stir welding (FSW)
process on the grain structure and the distribution of Y O and other particles in the metal substrates in
2 3

the FSW and adjacent regions, after the alloys had been recrystallized at temperatures up to 1380 ◦C for
1 h in air. The results show that fine-equiaxed grains and a uniform distribution of oxide particles were
present in the friction stirred region but that the grain boundaries in the parent metal were pinned by
particles. Friction stirring appeared to release these boundaries and allowed secondary recrystallization
to occur after further heat treatment. The FSW process appears to be a promising technique for joining

form
ferritic ODS alloys in the

. Introduction

Iron-based oxide dispersion strengthened (ODS) alloys con-
ain nanoscale and uniformly dispersed Y2O3 particles in a coarse
longated grain structure Fe–Cr–Al matrix. They exhibit excel-
ent creep strength [1] and good oxidation resistance [2,3] and
ave potential for use in high-temperature applications such as
oiler tubes, heat exchangers and combustion chambers [4–6]. In
pite of their large stored energy content, ODS alloys produced
y mechanical alloying, require heat treatment at temperatures
lose to their melting point, to develop their typical coarse grain
tructure. This unusual recrystallization behaviour is attributed
o the presences of the nanoscale dispersion of oxide particles,
hich act as pinning points to inhibit dislocation movement in

he metal matrix [7,8]. Additionally, with micron or sub-micron

rain sizes in consolidated mechanically alloyed metals, the grain
oundary junctions themselves may behave as pinning points for
rain boundary bowing, suggesting a large activation energy for
ucleation of recrystallization [9–11]. These unique properties
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affect recovery and recrystallization processes at high tempera-
tures. Moreover, for creep applications, it is important to minimize
the amount of the grain boundary area that is perpendicular to the
principle loading direction [12]. Therefore, the as-produced, sub-
micron fine-grained microstructure needs to be transformed into
a coarse elongated grain structure with a high grain aspect ratio.
This is achieved by secondary recrystallization through very high-
temperature annealing (1380 ◦C, 1 h in laboratory air) in ODS alloys
[13–16]. Additionally, annealing temperatures and oxide particles
have a large effect on the microstructure development and these in
turn affects the recrystallization behaviour [17].

However, a key issue with these alloys is the difficulty in
retaining high-temperature strength across the joints in fabri-
cated components, because traditional fusion welding processes
lead to loss of the dispersoid. In particular, the nanoscale oxide
particles float to the top of the molten weld pool to form an
agglomeration resulting in loss of strength. The joining process
also disrupts the beneficial high aspect ratio coarse grain struc-

ture and can lead to the undesirable formation of porosity. These
changes lead to a significant decrease in high-temperature creep
strength [18,19]. Friction stir welding (FSW) is a relatively new
joining process invented by Thomas et al. [20,21] at the Welding
Institute, Cambridge, UK in 1991, which is now commercially avail-
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ig. 1. Channeling contrast image showing: (a) the weld microstructure of PM2000
eat affect zone, (c)“onion-ring” structure; (d) a fine elongated grain structure show

ble technology. FSW is a solid state welding/joining process which
oes not involve melting of the materials and has the potential to
void significant microstructural or mechanical property changes

n materials. FSW has been successfully applied to aluminium or
ven higher melting temperature materials (such as stainless steels,
nd Ni superalloys) which have exhibited excellent mechanical
roperties [22–24]. However, only a few authors have reported

ig. 2. EBSD mapping in the FSW region after the recrystallization treatment: (a) grain or
the recrystallization treatment; (b) a large recrystallized grain on the bottom of the
the non-FSW region and (e) small grains on the top of the FSW region.

friction stir welding applications in ODS alloys [25–27]. Recrystal-
lization behaviour of the friction stir weld remains unclear and has
not been clarified yet.
Thus, the current study investigates the microstructures that
form in friction stir welds in ODS alloy PM 2000 sheet follow-
ing recrystallization treatment (1380 ◦C, 1 h in laboratory air). The
microstructural changes, recrystallization behaviour and phase

ientation map, (b) grain boundary misorientation angle map and (c) pole figures.
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Fig. 3. The microstructure of the HAZ boundary zone after the recrystallization treatme
boundary misorientation angle map.

Table 1
C

t
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d
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r
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F

hemical composition of PM2000 (wt.%).

Fe Cr Al Ti Y2O3

Balance 20 5.5 0.5 0.5

ransformation were analyzed using advanced electron microscopy
echniques.

. Experimental procedure

The alloy studied was a PM2000 sheet, oxide dispersion strengthened alloy pro-
uced by Plansee GmbH. The nominal chemical composition is given in Table 1.

he high aluminium and chromium levels impart good oxidation and corrosion
esistance. It was produced by mechanical alloying using a high-energy ball mill
nd various precursor powders (in the size range 1–200 �m) e.g. master alloy, Y-
xide etc. Consolidation of powders involves extrusion or hot compaction, following
hich the alloy is hot or cold rolled. The alloy was supplied as 2 mm thick sheet in
fine-grained condition.

ig. 4. EBSD mapping in the FSW region before the recrystallization treatment: (a) grain
nt: (a) an SEM channelling contrast image, (b) grain orientation map and (c) grain

In the friction stir welding process a cylindrical and shouldered tool with an
extended pin (probe) is rotated and gradually plunged into the joint between the
metals to be joined. Bonding is achieved by the combination of frictional heat and
forging which is generated when the probe enters the workpiece creating a plas-
ticised region in the workpiece material around the probe. No extra filler material
was used.

In this study, the microstructure of the ODS alloys was examined in the FSW
and adjacent regions, both after welding and after the alloys had been annealed
at temperatures up to 1380 ◦C for 1 h in air. A CamScan X500 Field Emission Gun
Scanning Electron Microscope (FEG-SEM) equipped with electron backscattering
diffraction (EBSD) was used to analyze the grain orientation, the grain boundary
geometries and recrystallization behaviour. All crystallographic orientation data
were collected by electron backscatter patterns and processed using the software
package CHANNEL 5. Transmission electron microscopy (TEM) was performed on a
JEOL 2000FX instrument operating at 200 kV to exam the grain structure and dislo-

cations. The size distribution of the Y–Al–O particles was investigated by scanning
transmission electron microscopy (VG Microscopes HB601 field emission gun STEM
operating at 100 kV). Samples of oxide particles were prepared for analysis using
carbon extraction replicas to eliminate ferromagnetic effects from the matrix to
increase resolution and enable simpler determination of particle chemical compo-

orientation map, (b) grain boundary misorientation angle map and (c) pole figures.
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ition. Chemical etching for extraction of the oxide particles was performed using a
0% HCl methanol solution.

. Results and discussion

.1. SEM examinations

A typical channelling contrast image, Fig. 1a, shows a large
rained, recrystallized, equiaxed structure in the weld region fol-
owing recrystallization annealing. On the right hand side of the

eld region, Fig. 1c, it appears that cylindrical sheets of mate-
ial have been extended during each rotation of the threaded tool,
epositing material from the front to the back of the weld. This
anifests itself as a characteristic ‘onion-ring’ structure.
A large recrystallized grain was also found at the bottom of the

eat affected zone (HAZ) in parent sheet near the boundary region,
s shown in Fig. 1b. It is believed that a large strain was generated in
his region during the FSW processing where deformation hetero-
eneities facilitated the onset of recrystallization. This also suggests

hat any inhomogeneity of stored energy would affect the nucle-
tion of recrystallization. However, in the non-FSW region, Fig. 1d,
t shows a fine-scale, elongated grain structure. This implies that
nly recovery had taken place. The details will be discussed later
here EBSD and TEM data are presented. Additionally, small voids

Fig. 5. TEM micrographs of the non-FSW region (a) and (b) bef
mpounds 504S (2010) S460–S466 S463

were observed throughout the non-FSW region, possibly due to dif-
fusion of gas entrapped during the powder milling process. It was
observed that much finer recrystallized grains were formed along
the top of the weld region, as shown in Fig. 1e. This may have been
an effect due to the cooling rate or may be a local effect attributable
to the shoulder of the FSW tool local to the sample surface, intro-
ducing local deformation heterogeneity which provides numerous
nucleation sits for recrystallization.

3.2. EBSD analysis

EBSD was used to investigate grain orientation and the grain
boundary geometries. Fig. 2a shows the orientation map in the
exact central region of the FSW zone following recrystallization
annealing, exhibiting distinct grains and sub-structures and varied
grain orientations highlighted with different colours. Each crystal
orientation point corresponds to a fixed direction in the sample
and the colour to use in the map is found on the colour key. The

pole figures, Fig. 2c, suggest that grains were oriented much more
randomly with fewer preferred orientations compared to the par-
ent metal. The grain boundary misorientation angle map reveals
important details of the sub-structure, as shown in Fig. 2b. The
high energy, high-angle boundaries are decorated with blue lines

ore and (c) and (d) after the recrystallization treatment.
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characterised by high dislocation density accumulated within low
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for misorientations >10) and can be seen to comprise the majority
f the boundaries after recrystallization. A more detailed analysis
hows that the high-angle boundaries are most commonly found
ith an angular misorientation in the range 40–55◦.

An interesting region at the edge of the HAZ, shown in Fig. 3a,
as investigated. The grain orientation of this region is shown in

ig. 3b. The large recrystallized grains display high angle boundaries
hile the elongated grains, which consist of numerous subgrains
ith an irregular morphology, exhibit many low angle boundaries

green lines; less then 10◦ misorientation), as seen in Fig. 3c. On
he basis of these data, it is reasonable to assume that in the non-
SW region only recovery has taken place, recrystallization possibly
aving been hindered by strong local association between disper-
oid particles and the low angle grain boundary structures present
n the parent sheet. In this case, large recrystallized grains have
rown out from the join region into the adjacent recovered subgrain
tructures.

The EBSD orientation map of the FSW region before the recrys-

allization treatment is shown in Fig. 4a. It is characterised by a
ne (∼1 �m) equiaxed grain structure mainly separated by high
ngle grain boundaries highlighted in blue, in Fig. 4b. This sug-
ests that the elongated grains can be dynamically recrystallized

Fig. 6. TEM micrographs of the FSW region (a) and (b) befor
mpounds 504S (2010) S460–S466

to a sub-micron primary recrystallised grain size during the FSW
process. The stirring action of the rotating welding tool gener-
ates a shear deformation texture, which corresponds to rotation
of grains in the surrounding materials, as shown in the pole Fig. 4c.
The blue and purple orientations predominate in the FSW region
where the grains rotate in response to the preferred orienta-
tion.

3.3. TEM observations

TEM observations provided details of the grain structures,
deformation behaviour and dislocation interactions in the vari-
ous conditions (FSW and non-FSW regions, before and after the
recrystallization treatment). Fig. 5a shows the microstructure of
the non-FSW region before the recrystallization treatment. The
fine-grains were elongated and aligned with the working direc-
tion and contained a large number of particles. The region was
angle boundary structures, clearly visible in the TEM micrographs.
Additionally, the fine oxide particles tended to be aligned along the
grain boundaries. Closer inspection, as in Fig. 5b, revealed evidence
of particle–subgrain boundary interactions in the microstructure

e and (c) and (d) after the recrystallization treatment.
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s and (b) EDS mapping of an area of interest from an extraction replica sample.
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Table 2
A typical composition of Y–Al–O particle.
Fig. 7. (a) BF-STEM image shows distribution of nanoscale Y–Al–O particle

ypical of Zener pinning, inhibiting dislocation rearrangement sub-
equent recovery and recrystallization processes.

Fig. 5c shows the microstructure of the non-FSW region after
he recrystallization treatment. The elongated grains and particles
oarsen slightly after the treatment and consist of distinct subgrains
ith low angle boundaries. The dislocation density inside these

ubgrains was reduced as a result of recovery. The particles have
ended to pin and stabilize the dislocation substructures, as shown
n Fig. 5d. Note that the subgrain boundaries may still be able to

igrate at this stage.
On the other hand, Fig. 6a shows the microstructure of the FSW

egion before the recrystallization treatment. A fine-equiaxed grain
tructure with low dislocation density was shown to be present.
he result corresponds to the EBSD analysis, which suggests that
he elongated grains in parent sheet can be dynamically recrys-
allized to a sub-micron grain size during the FSW process. The
articles were distributed randomly in the matrix and Zener pin-
ing and subgrains were still visible at this stage, as shown in
ig. 6b. However, no significant evidence was observed for con-
inuing alignment of fine oxide particles along grain boundaries.
his can be attributed to the homogenisation effects of the FSW
rocess.

Fig. 6c shows the microstructure of the FSW region after
he recrystallization treatment. Large areas were dislocation free
nd few grain boundaries were observed in the microstructure.
t confirms that subsequent heat treatment leads to secondary
ecrstallization driven by the grain boundary energy of the fine-
rained primary recrystallised state. In addition, the distribution of
he particles is uniform although they may be slightly coarser after
he annealing treatment, as shown in Fig. 6d.

.4. STEM investigations

STEM was used to measure particle sizes and distributions on
amples prepared as extraction replicas. Fig. 7a shows a BF-STEM

icrograph of the oxide particle distribution in the FSW region

fter recrystallization treatment. Oxide dispersoid particles were
omogenously distributed in the sample and their diameters var-

ed from 5 to 70 nm. The particles all had a spherical morphology
nd were identified as Y–Al–O compounds by EDS analyses in STEM,
at% O Al Y

Y–Al–O 44.2 28.3 27.4

as shown in Table 2 and the EDS maps shown in Fig. 7b. Note that
coarse particles such as �-Al2O3 or Ti(C,N) inclusions are unlikely to
be seen in the microstructure due to the difficulty of extracting large
particles using this technique. The size distribution of Y–Al–O par-
ticles obtained from 121 particles from six BF-STEM micrographs.
The mean particle diameter was 21 nm and most of the particles
are between 10 and 30 nm. The result is in a good agreement with
large scale measurements using neutron scattering [28].

4. Conclusions

Friction stir welding appears to be a very promising technique
for the joining of ODS materials in the form of sheet and tube.
EBSD analysis confirms that low angle grain boundary migration
occurs during recovery and high angle grain boundary migration
occurs during recrystallization. Alloy microstructures in friction
stirred samples, observed by TEM, suggested that the oxide par-
ticles were uniformly distributed by friction stirring but that the
grain boundaries in the parent metal were pinned by particles.
Friction stirring appeared to release these boundaries and allowed
secondary recrystallization to occur after further heat treatment.
STEM investigation suggests that the mean size of Y–Al oxide
particle is 21 nm, which is a good agreement with large scale mea-
surements using neutron scattering.
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