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bstract

PM 2000 offers an excellent oxidation resistance that relies on its capability to develop in service a fine �-alumina scale, tightly adhered to the
ubstrate. The advantages of the scale protection at low temperatures are obtained by performing a pre-oxidation treatment prior to operation. The
im of this study is to characterise the microstructural changes during oxidation (1100 ◦C/120 h) of the alloy in a fine-grained state, which make
t more suitable for room temperature applications. With regards to the as-received material, oxidation treatment does not produce macroscopic
hanges in terms of grain size and texture. Beneath the scale, however, a shell about 10 �m thick containing coarse grains was formed. The grain
ize in this zone is in the order of the shell thickness, which is considerably higher than the grain size of about 2 �m for the remnant substrate.

icrotexture analysis performed at these zones reveals that grains are oriented with the 〈1 1 1〉 and 〈1 1 0〉 direction parallel to the bar axis, which

ontrast with the weak 〈1 1 0〉 fibber texture of the bulk. The results presented in this work clearly confirm that surface recrystallisation is not
elated to oxidation-induced effects but to the heterogeneous deformation produced during grinding, that stimulate recrystallisation to occur at
uch lower temperatures.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

The PM 2000 is an iron-base oxide dispersion strengthened
ODS) superalloy manufactured by a complex powder metal-
urgy route. As a first step, a mixture of metallic powders and
ispersoids are mechanically alloyed to produce a final powder
n which a fine dispersion of yttrium oxide particles is formed.
he resulting powders are then canned and hot extruded and/or
ot rolled. The microstructure at this stage presents submicron-
ized elongated grains similar to that found in cold deformed
aterials [1]. A subsequent recrystallisation treatment at very

igh temperature (>1300 ◦C) yields a coarse microstructure with
trongly elongated grains parallel to the extrusion direction,

hich is more suitable for high temperature applications.
Particularly attractive is the excellent oxidation resistance

f the alloy that relies on the capability to develop a compact
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nd adherent �-Al2O3 scale at high temperature. During oxida-
ion different transient alumina states can be formed, which are
nown to grow faster than �-alumina [2]. The transformation of
etastable alumina phases into �-Al2O3 is an irreversible phe-

omenon that depends on exposure time and temperature, the
etastable-� transition temperature being around 1000 ◦C [3].
bviously, the higher the temperature the faster is the trans-

ormation process. If the alloy is to be used either at lower
emperatures or under low-oxygen partial pressure environ-

ents, it has to be “pre-oxidised” at high temperature in pure
xygen or in air to develop the �-Al2O3 scale prior to operation.

Beneficial effects of a pre-oxidation treatment have been
ainly found for coal gasification environments at intermedi-

te temperatures [4–6] but this treatment can also be beneficial
or other new applications at low temperatures. For example,
t has been proposed that ferritic alloys could be promising

andidates for surgical implants [7–9] because they combine
he good mechanical properties of the metal substrate with the
rotective capacity of the alumina scale against physiological
olutions [10]. The main limitation when using ferritic alloys

mailto:jlg@cenim.csic.es
dx.doi.org/10.1016/j.msea.2007.03.012
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thickness of which (≈4 �m) is consistent with previous results
on the oxidation kinetics for this alloy [9]. After etching, cross
sectional views reveal that beneath the scale (Fig. 2b) a shell of
coarse grains with an average size of about 10 �m is formed.
J.L. González-Carrasco et al. / Materials S

t ambient temperature is that, like any BCC material, they
xhibit a ductile–brittle transition (DBT) at around room tem-
erature [11]. DBT temperature is related to the grain size, and
n order to decrease this value a fine grain microstructure is
equired [12]. Therefore, to avoid the substrate recrystallisation
he pre-oxidation temperature should be as low as possible. An
ptimum temperature for pre-oxidation of 1100 ◦C was selected
ince it yields a �-alumina scale with a few microns in thick-
ess within reasonable production times. The analysis of the
ensile and fatigue behaviour of pre-oxidised PM2000 [8] led to
he conclusion that this treatment did not jeopardize the good

echanical properties of the fine-grained material. Moreover,
oughness tests on pre-oxidised specimens indicated a signif-
cant increase of the impact energy [13], which is contrary to
he embrittlement induced by the alumina scale in a similar pre-
xidised alloy [12,14–16]. As tensile and fatigue fractures can
nitiate at the scale–metal interface [8,12], this study is aimed
t characterizing the microstructural changes during high tem-
erature exposure, with special emphasis on the zones near
he scale–metal interface. Since the texture could be of great
mportance for most mechanical properties [17], changes in the
rystallographic orientation were investigated by using Electron
ack Scattering Diffraction (EBSD) techniques.

. Experimental part

The PM2000 alloy, nominally Fe–20Cr–5.5Al–0.5Ti–
.5Y203 (wt pct), was prepared at Plansee GmbH (Lechbruck,
ermany) by mechanical alloying of a mixture of metallic pow-
ers and dispersoids, which were consolidated to obtain a hot
olled bar 35 mm in diameter. Microstructural investigations and
exture analysis were performed on slices obtained from cylin-
ers of 10 mm in diameter. The surface was abraded with silicon
arbide papers, followed by polishing with diamond paste. In
he final phase they were carefully polished with silica colloidal
40 nm). Specimens were finally washed in running water and
hen cleaned with alcohol.

Microstructural examination was performed by scanning
lectron microscopy (SEM) using a JEOL JSM 6500F micro-
cope. Backscattered electron images (BEI) or Secondary
lectron images (SEI) were obtained. Texture measurements in

he as-received and annealed (1100 ◦C/120 h) conditions were
erformed in the back-reflected mode by X-ray diffraction using
X-ray diffractometer set-up with HI-STAR two dimensional
ultiwire proportional counter (General Area Detector Diffrac-

ion System, Bruker AXS). Co K� radiation was employed at a
ube current of 30 mA and a voltage of 40 kV. The detector was
antered at 2θ = 52.40◦, 77.20◦ and 99.70◦, with the centre of the
etector 2θ position coupled with the beam incident angle θ. At
ach 2θ position enough planar frames were collected for cov-
ring the entire pole sphere. From the normalized and corrected
-ray data, the (1 1 0), (2 0 0) and (2 1 1) pole figures were recon-

tructed. The sample reference system was fiber, corresponding

o the symmetry imposed by the hot rolling process. From these
ole figures the orientation distribution function (ODF) was
alculated, using the series expansion method (lmax = 22) and
host corrected. As ferrite present cubic symmetry, the orien-

F
c

and Engineering A  471 (2007) 120–124 121

ation density, f(g), was represented in the reduced Euler space
0 ≤ ϕ1, Φ, ϕ2 < π/2). The samples for texture analysis were cut
erpendicular to the longitudinal bar direction.

Microtexture analysis of pre-oxidised specimens was per-
ormed by EBSD at various locations on cross sections. The
BSD patterns were generated at an acceleration voltage of
0 kV and collected using a CRYSTAL detector of Oxford
nstruments mounted in a SEM JEOL JSM6300. The indexa-
ion of the Kikuchi lines and the determination of the orientations
ere done with the software INCA developed by Oxford Instru-
ents. The results were represented by means of an inverse pole
gure (IPF) maps, which give the orientation of a macroscopic
irection with respect to a specific crystal direction.

. Results and discussion

Longitudinal and transverse sectioned samples of as-received
ar revealed a fine-grained structure with a mean value of about
�m in diameter (Fig. 1). Although these grains appear slightly
longated along the longitudinal bar direction, the microstruc-
ure was homogeneous over the bar thickness. Texture analysis
f the as-received material reveals a weak fiber texture char-
cterized by the 〈1 1 0〉 direction parallel to the rolling axis.
his texture is typical of BCC materials deformed by extrusion.
uring high temperature oxidation (1100 ◦C/120 h) a moderated
rain growth occurs, which was macroscopically manifested by
small decrease in hardness and 0.2% yield strength [8]. No

ppreciable change in the texture from the starting condition
as observed.
SEM examination of the oxidised sample revealed the pres-

nce of an alumina scale decorated with oxide nodules of a
ubmicron size (Fig. 2a) although in a few cases they can reach
�m. Cross sectional examination reveals an even scale, the
ig. 1. BEI image of a cross sectional view of PM 2000 in the as-received
ondition that highlights the different crystallographic contrast of grains.
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face. Taking into consideration that crystallographic orientation
of grains agrees with the texture of this alloy after recrys-
tallisation at higher homologous temperatures [19], a similar
ig. 2. (a) Oxide nodules decorating the outer part of the alumina layer obtained
uring pre-oxidation heat treatment. (b) Shell of coarser grains in the interface
etween alumina scale and the matrix revealed by etching of the specimen.

ccasionally, the coarse grained zone can be wider and a maxi-
um width of about 500 �m was measured. A local grain growth

eneath the alumina scale has been also reported for the inter-
etallic ODS alloy Fe40AlGrade 3 [18].
For a deeper understanding of the microstructural changes

eneath the scale a microtexture analysis was performed. Fig. 3
hows an orientation map of an area near the surface. The
orrespondence between the contrast of the different grains
nd the crystallographic orientation is indicated in the stere-
graphic triangle. This figure reveals that the population of
rains with a 〈1 1 1〉 orientation is higher near the surface
area between dashed lines) and decreases towards the centre
f the sample. Likewise, the misorientation of grain bound-
ries was measured. Fig. 4 shows a normalised distribution
f misorientation angles obtained from a single orientation
easurements made by EBSD. It can be observed that the pop-

lation of high angle boundaries is high. This result, along

ith the absence of a subgrain structure, allows us to conclude

hat oxidation at this temperature yields beneath the scale not
nly to a local grain growth but also to a change in the grain
rientation. Both results seem to confirm that a true recrystalli-
ig. 3. EBSD image of recrystallised grains near to the scale–matrix interface.

ation process took place in this zone during the preoxidation
reatment.

Recrystallisation of ODS alloys mostly occurs at exception-
lly high homologous temperatures, in this alloy about 0.9Tm,
here Tm is the melting temperature (1487 ◦C). Thus, the most

mportant question that arose in this investigation is why the
ecrystallisation temperature drops near the scale–matrix inter-
Fig. 4. Normalised distributions of misorientation obtained by EBSD.
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ecrystallisation mechanism can be assumed. According to this
echanism, the boundary junctions of small grains act them-

elves as severe pinning lines, which lead to an enormous
ctivation energy for the nucleation of recrystallisation [20]. This
ctivation energy is reduced if a few grains are larger; indeed, any
on-uniformity introduced into the microstructure, for example
y inhomogeneous deformation, will lead to a large decrease in
he recrystallisation temperature [21,22].

With regards to the role of the oxidation process on the sur-
ace recrystallisation, it could be argued that inwards alumina
cale growth during high temperature oxidation [2] causes a
olume increase at the scale–metal interface, yielding to a local
lastic deformation of the substrate. The phenomenon is easily
evealed by the presence of imprints beneath the scale, clearly
isible at places where detachment of the scale has occurred
12]. In order to clarify if this recrystallisation process is related
ith the deformation induced by the growth of the oxide layer,
set of specimens with three different surface conditions were

re-oxidised at 1100 ◦C, namely: as-ground, as-ground plus pol-
shed, and as-polished plus acid etching (10 ml acetic acid, 10 ml
NO3, 15 ml of HCl and 3 drops of glycol). The as-ground con-
ition is expected to retain a thin layer of heavily deformed

ig. 5. SEI images of specimens oxidised at 1100 ◦C/120 h after: (a) grinding
nd (b) polishing/acid etching.
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aterial whereas polished and etched surfaces should hardly
how any microstructural change. A close sectional examina-
ion by SEM of oxidised specimens revealed that only the ground
nd oxidised surface contains a subscale layer of larger grains
Fig. 5). This clearly confirms that the recrystallisation of oxi-
ised samples is not related to oxidation-induced effects but
o the heterogeneous deformation produced during machining,
timulating recrystallisation to occur at much lower tempera-
ures [23].

Cold deformation was found to account for the modification
f local crystallographic texture [24]. The importance of this tex-
ure change beneath the surface on triggering recrystallisation is
wo fold. Firstly, for reasons which are not obvious, recrystalli-
ation seems easiest whenever the {1 1 1}〈1̄ 1 0〉 is prominent
25], which is consistent with the microtexture measurements
hown in Fig. 3. Secondly, the texture could lead to the clus-
ering of adjacent grains into similar orientations. This would
ead to an increase in the effective grain size, thereby making
he nucleation of recrystallisation easier [21].

Mechanical properties at room temperature of ODS alloys are
nown to be strongly sensitive to texture of the material. There-
ore, recrystallisation beneath the scale during high temperature
xposure may play a critical role when considering applications
here fatigue strength, dominated by the surface microstructure,

s sought. This feature will obviously be more relevant for the
echanical behaviour of very thin components.

. Conclusions

This paper analyses the microstructural changes produced in
he vicinity of the �-Al2O3 scale–matrix interface during the
re-oxidation treatment. It can be concluded that the shell of
ecrystallised grains formed at the �-Al2O3 scale–matrix inter-
ace of oxidised samples is not related to oxidation-induced
ffects but to the heterogeneous deformation produced during
achining. This result provides additional evidence about how

train heterogeneities in the microstructure promote the nucle-
tion of recrystallisation, stimulating recrystallisation to occur
t a much lower temperature.

On the other hand, EBSD study of the crystallographic ori-
ntations of both the recrystallised grains themselves and the
nrecrystallised grains in their vicinity shows that deforma-
ion during machining induces a {1 1 1} texture that, as several
uthors have reported, enhances nucleation of recrystallisation.
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