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SCALE EVOLUTION DURING EARLY OXIDATION STAGES OF POLYCRYSTALLINE B-NiAl AT 1100°C
AND THE EFFECT OF IMPLANTED YTTRIUM

The development of scales at early oxidation stages was studied in terms of the evolution of their morphology and phase
composition on unmodified and Yttrium-implanted B-NiAl intermetallic compound at 1100°C in air for exposure periods from 3 min
up to 24 hours and Scanning Electron Microscopy, Low-Angle X-ray Diffraction and Photoluminescence Spectroscopy. Similar
consecutive stages of the scale evolution were found on both materials and implanted yttrium retarded the rate of this process which
manifested itself mainly in impeding the phase transformation of transient aluminium oxides into a-Al,Oj, the required protective
layer. The scale evolution had a local nature and under the same oxidation conditions the regions sometimes co-existed, exhibiting
different stages of the evolution. No unambiguous relationship was found between the scale morphology and its phase composition.
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1. Introduction

Beta (B) NiAl (B2) is well-known material applied as a bond
coat in thermal barrier coating (TBC) systems to protect the un-
derlying Ni-based superalloys against degradation caused by high
temperature oxidation (7> ~1000°C). Its substantial oxidation
resistance provided through the formation of protective a-Al,O5
scale has been known for a long time and studied for almost
50 years, as evidenced by the first reported results (eg. [1-4])
An outstanding improvement in performance of the B-NiAl (and
other alumina formers) brought about by small amounts (of order
of 0.1 wt.% or even less) of reactive elements (e.g. Y, Hf, Zr) and/
or higher amounts of noble metals, mainly Pt, has been observed,
which results in the presence of additions of these elements in this
materials as well as in other alumina formers, structural and coat-
ings, applied in oxidizing atmospheres. However, despite a vast
evidence of experimental data obtained over last few decades,
e.g. [5-19] for B-NiAl, the reasons for this beneficial effect, usu-
ally referred to as the reactive-element effect (REE), cannot yet
be considered fully explained. Intensive research has not only
allowed for significant progress in understanding REE, which
has been successively reported [20-27], but also indicated that the
complexity of the processes occurring during oxidation requires

an updated approach that combines the use of modern research
methods and advanced modelling of processes occurring in the
entire reacting system, including specific regions, in particular
interfacial ones. The first effects of this approach have already
led to going beyond the previously proposed concept of dynamic-
segregation theory [28], although without negating it [29-31].

It should be emphasized that the experimental procedure
ought to be adapted to meet specific needs, which depend largely
on the type of material being studied. It relies on the appropriate
planning the oxidation exposure conditions. In the case of scales
growing on B-NiAl their characteristic feature is relatively slow
and having local nature evolution. The former is manifested by
the relatively prolonged stability of undesirable transition alu-
minium oxides compositions (y-, 8-, 0-Al,03), while the latter
by development and subsequent co-existence during the transient
oxidation stages of several features (blade-like grains, patches,
ridges, and cracks).

Thus, a pertinent question arises, whether and what impact
these features have on the protective properties of the stable
alumina protective scales and long-term resistance to oxidation
of the material. Addressing this problem requires exploring in
detail the process of a-Al,O5 protective scale formation, i.e.
investigating its consecutive stages.
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Transient oxidation of B-NiAl and the influence of various
factors, especially RE-additions, on its course have been the
subject of numerous studies [1-7,12-14,17,18,22,31-56]. These
studies investigated changes in the morphology and microstruc-
ture of the formed scale under various conditions and during
various stages of oxidation. The influence of reactive elements
was also qualitatively and quantitatively compared, most often
taking into account their type (which element?), form, quantity,
and incorporation route. The influence of other elements was also
investigated to some extent. Furthermore, attempts were made to
model and quantify the degree of phase transformation of transient
Al,O5 oxides into the alpha phase, as well as the impact of this
transformation on subsequent stages of the oxidation process.

Although, the reported in these papers results have signifi-
cantly improved our understanding of the process of formation
of a-Al, 03, it still cannot be considered sufficiently satisfactory.
This is primarily due to the fact that the overwhelming majority of
experimental work did not refer to successive stages of evolution,
but, most often, to a single, arbitrarily selected exposure condi-
tions. It is worth noting that the transformation of transient Al,O5
phases into 0-Al,O3 which occurs in scales during the initial stages
of oxidation is also of interest in the field of catalysis (y-Al,O5 is
considered a very good support for catalysts, e.g., Pt). and some-
times during studying the early stages of oxidation of alumina
formers, the achievements are applied that have been obtained
in catalysis research (e.g. [57-61]). It is important to emphasize
that this transformation is accompanied by a structural rearrange-
ment resulting in approximately a 10% volume reduction. This is
believed to be the cause of patches and cracks in the scale.

As already suggested elsewhere [22,62,63], a full under-
standing of how the scale grows and how the protective a-Al,O;
scale develops requires extensive and systematic study of the
early oxidation stages, because the scales on B-NiAl evolve.
Therefore, consecutive stages of the scale development should
be followed in terms of the scale microstructure, morphology,
phase composition, preferred location of the oxide growth.
Such a combination of results would provide reliable evidence
of the scale growth mechanism for the whole relevant period
of the scale development, and not only for deliberately chosen
conditions. It is worthwhile noting that a systematic approach
helps avoid arriving at misleading conclusions and differentiat-
ing between the influence of the additions on the change of the
scale growth mechanism and on the rate of the scale evolution.

Taking the above into account a comprehensive research
effort has been made to improve understanding of the scale
formation process on unmodified and yttrium-implanted -NiAl
compound.

This paper reports the results concerning the evolution of
the scale morphology and phase composition.

2. Materials and experimental

The B-NiAl intermetallic compound was obtained by the
vacuum melting of metals of electrolytic purity. Analysis of

its chemical composition showed that it contained (in wt.%):
Ni—bal.,Al-28.7,Si—0.07, Fe—0.07, Ti—0.04, and Cr—0.0092.

The cylinder-shaped ingot (bar) having diameter of 15 mm
was annealed at 1100°C for 24 hs under an argon atmosphere
(purity 99.998%). The thin oxide layer formed at its external sur-
face was subsequently removed though abrasion. Samples in the
form of 0.9 mm-thick discs were cut from the ingot. Their further
preparation relied on grinding and polishing their surfaces with
600 SiC gritand 1 pm diamond paste, respectively, and degreas-
ing in water with detergent and acetone. Just before oxidation
exposure, the specimens were ultrasonically cleaned in acetone.

Ion implantation was chosen as the method of introducing
the addition for the following reasons: i) it allows for enrichment
of only the outermost layer of the material with a thickness of
several dozen nanometres (without affecting its interior); ii) it al-
lows for good control of the amount of the introduced addition
and its distribution on the depth scale as well as uniform enrich-
ment over the surface; iii) REE was demonstrated to occur when
this method was used for yttrium for a period sufficient from the
point of view of the problem under investigation [5-7].

Yttrium was implanted into the entire surface layer of some
specimens or of their parts, the remaining part being left unmodi-
fied. This procedure allowed for a single sample to contain both
types of materials. The following implantation parameters were
used: ion beam energy of 70 keV and dose of 2x10'® jons/cm?.
The distribution of implanted Yttrium determined using SIMS
in-depth profiling has been reported elsewhere [36].

A series of oxidation exposures in oxygen were carried out
at 1100°C for 3 min, 7 min, 15 min, 1 h, 6 h and 24 h. Samples
were introduced rapidly into a constant-temperature zone in
a horizontal tube furnace, previously heated to the oxidation
temperature. After exposure, the samples were rapidly removed
from the reaction temperature to ambient temperature, where
cooling occurred.

Evolution of the scale, in terms of its morphology and
phase composition, was determined by means of SEM, Low-
Angle X-Ray Diffraction (LA-XRD) and Photoluminescence
Spectroscopy (PLS).

3. Results
3.1. Introductory remarks

A series of oxidation exposures in oxygen were carried
out at 1100°C for six different periods, from 3 min to 24 h for
both studied materials in order to follow the consecutive stages
of scale formation. LA-XRD and PLS applied to determine the
phase composition of scales exhibited different lateral resolution:
that of the latter was of down to ca. 1 um, which is significantly
better than that of LA-XRD which averages the target response
over surface area of order of several square millimetres. The
photoluminescence spectra in frequency (in cm™) ranges cor-
responding to the possible presence of alumina phases were at-
tributed to 6-Al,05 and a-Al,O; as proposed elsewhere [33, 34]:



a strong stress-free a-Al,Os-related doublet appears at nominal
frequencies of 14,432 and 14,402 cm™!, whereas that associated
with -Al,05 is at 14,530 and 14,610 cm™!. Due to such a clear
difference, possible effects related to the occurrence of stresses
in the alumina phases, related primarily to the transformation
of the transition phases into the alpha phase (structural stresses)
and to the rapid cooling of the reacting system from the reaction
temperature to the ambient temperature (thermal stresses), result-
ing in the shift of doublets, do not prevent the phase identification
during the analysis. The presence of y-Al,O3; manifests itself
less spectacularly in PLS spectra and may frequently only be
demonstrated as a contribution to the 8-related doublet at lower
luminescence frequencies (in cm ™), affecting its shape. Wher-
ever it was required, different morphology and/or microstructure
details were analysed by focussing the incident laser beam on
them. The analysed regions are always marked by circles of
relevant size in SEM micrographs.

Regarding the LA-XRD results, it should be noted that:
(i) the oxide-related maxima collected were expressed in the
form of interplanar distances (d,,;'s) observed for various scales
and attributed to possible phases according to the JCPDS Data-
base; (ii) the maxima were frequently fairly broadened and the
determined d,;;'s were slightly different with respect to those
reported in the JCPDS database; (iii) the maxima which may
have corresponded to both transient oxides and a-Al,O5 as
well to B-NiAl are not reported, and relatively few maxima are
left to identify phases (at least to distinguish between transient
Al,05-oxides and a-Al,O3) after such a procedure for further
interpretation; (iv) despite using the very low angle of incident
beam, the non-conclusive X-ray patterns were obtained from
scales formed upon shorter exposures (3 min and 7 min) of both
materials and are therefore not reported.

Concerning the PLS spectra, it should be noted that some-
times the maxima exhibited more complex shapes than expected
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for typical 6-Al,05- and a-Al,Os-related ‘single’ doublets be-
cause of very fine grains of initially growing scales which resulted
in the detection of the superimposed luminescence signals from
different adjacent grains. The different strain of these grains can
be a reason for the shifts and shapes observed. In the case of mul-
tilayered scales, the same effect might occur. In such cases, the
fairly good spatial resolution of the PLS was still not sufficient to
separate these signals. Nevertheless, despite this inconvenience,
it was possible to distinguish and identify the 0 and o alumina
phases. Therefore, the PLS as-received raw spectra are shown
which were not further processed in terms of the removal of
background. The analysed regions are always marked by circles
of relevant size in SEM micrographs. It should be noted that it
was not possible to obtain a luminescence spectrum that would
allow for the identification of the sought phases for scales on the
yttrium-implanted material oxidized in the shortest time (3 min,
7 min, 15 min). The lack of signal in LA-XRD and PLS analyses
after the shortest exposure times is related to the properties of the
scale (insufficient thickness, insufficiently developed structure).

3.2. Results for non-implanted p-NiAl

A surface view of the scales formed upon the oxidation ex-
posures of non-implanted B-NiAl is shown in Figs. 1-6 together
with the PLS spectra corresponding to the marked regions. The
results of LA-XRD maxima are summarised in TABLE 1.

It follows from Fig. 1 A-C (exposure for 3 min) that at the
very beginning of the reaction of non-implanted material rather
flat scale was formed, which did not exhibit any particular
features except for some darker-appearing spots of sub-micron
size and rather regular shapes (Fig. 1B, 1C). Development of the
latter was studied in detail by Oquab and Monceau [35] and at-
tributed to the secondary electron image contrast associated with

TABLE 1

Collected results of Low-Angle X-Ray Diffraction analysis of oxide scales formed upon oxidation exposure at 1100°C of non-implanted (ni)
and Yttrium-implanted (iY) -NiAl: only maxima which enable identification of phases are shown (X — presence of the maximum; w — weak)

ni ni ni ni iY iy iy iy
dy; [A] — measured Possible Phases
15 min. 1h 6h 24 h 15 min. 1h 6h 24 h
3.48-3.50 X X X (3.48)
3.48 X o
2.88 X X X X-w 0
2.73/2.74 X X X 0/0
2.44 X X 0
2.31 X 0/0
2.25 X 0/0(2.26)
2.09 X X X-w X X-w X a
1.92 X 0
1.79/1.80 X-w X X-w 0/0 (y)
1.72 X 0(?)
1.70/1.71 X o(?)
1.4597 X 0
1.375 X X X o
Identified oxide phases 0, 6/0, a 0/0, a a, 0/ 0 o 0, 6/0 0, 0/0 a, 6/0 a, 0

Note: for oxidation times up to 15 min, no diffraction maxima originating from oxides were observed for both materials
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the formation of cavities at the scale-substrate interface already
at very initial stages of the exposure, even before reaching the
reaction temperature. They appear to be preferentially aligned
along the substrate grain boundaries and polishing marks. In
addition, some minor irregularities of the scale were only lo-
cally observed under very high magnification as oxide flakes
on a relatively smooth surface (Fig. 1C).

The PLS spectrum shown in Fig. 1D, which is representative
of the entire scale, indicates that the majority of the scale was
composed of transient oxide 6-Al,05 and only small maximum
related to a-Al,O5 appeared, corresponding to the minor content
of this phase. The relatively high background of the PLS signal
has to be noted as well as the presence of increased luminescence
at a frequency of ca. 14 300 cm™' which cannot be ascribed to
photoluminescence of any of the alumina phases. Moreover, the
broadening of the lower 6-related maximum may indicate the
presence of some y-Al,O5 oxide. The latter, having a shape of
small hump, can hardly be attributed to the background.

Considerably less uniform morphology of the scale surface
resulted from oxidation for 7 min, as shown in Fig. 2A-2F.
It should be noted that: (i) bright-appearing round patches
(“spots’) developed but their surface fraction strongly de-
pended on the substrate grain on which the scale was formed
(Fig. 1A, 1B); (ii) further growth of interfacial cavities occurred
as it follows from the comparison of the size of dark-appearing
spots in Figs. 2C and 1B (the same magnification); (iii) the sur-
face fraction of patches coincided with the surface fraction of
dark spots, the higher the former the higher the latter (Fig. 2B);
(iv) in some patches in ‘highly patched’ regions small ridge-like
oxide protrusions appeared (Fig. 1D); (v) in regions with a low
fraction of patches, some radial cracks were formed (Fig. 1E);

(vi) the size of the grains observed at the scale surface was very
fine, up to 0.15 pm (Fig. 1F: note magnification of 100 000).
The phase composition of the scale (Fig. 2G) was also found
to depend on the region and sub-region of the scale. In ‘highly
patched’ regions, a-Al,O5 predominated in the centre of the patch
with ridge-like protrusions and only very small luminescence of
6-Al,05 was detected (curve 4 in Fig. 2G). Outside of patches
in this region, similar PLS intensity was observed for both,
o and 0 phases (curve 2 in Fig. 2G). In ‘low-patched’ regions,
in the sub-region with initial patches and cracks, a- and 6-oxides
appeared but o one prevailed (curve 3 in Fig. 2G). For similar
reasons to those mentioned above, the presence of y-Al,O; cannot
be excluded in this case. In the patch-free sub-region, however,
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Fig. 1. Surface (A-C) and PLS spectra (D) of the scale formed on
non-implanted $-NiAl upon oxidation exposure in oxygen for 3 min.
at 1100°C. Scale marks are numbers in white boxes which widths cor-
respond to size given by numbers. White circles in the SEM images
indicate the corresponding PLS analysis location and the size of the
analyzed area
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Fig. 2. Surface (A-F) and PLS spectra (G) of the scale formed on
non-implanted B-NiAl upon oxidation exposure in oxygen for 7 min.
at 1100°C. Scale marks are numbers in white boxes which widths cor-
respond to size given by numbers. White circles in the SEM images
indicate the corresponding PLS analysis location and the size of the
analyzed area



only 0-Al,0; was clearly detected (curve 1 in Fig. 2G). These
results show that significantly more a-Al,O5 developed in ‘highly
patched’ regions than in ‘low-patched’ ones.

The different extent of patches is even more clearly vis-
ible in scales formed during more prolonged oxidation, 15 min
as shown in Fig. 3A. Moreover, their surface fraction strongly
depended on the substrate grain on which the scale appeared.
Hence, again two types of regions can be distinguished: ‘highly
patched’ and ‘low-patched’. In the former ones, well-developed
cracks were observed with oxide filling them (Fig. 3B). In ‘low-
patched’ regions, smaller cracks were found, without any indica-
tions of the ‘in-crack’ oxide (Fig. 3C). The fine-grained scale of
the grain size of up to 0.25 pm, but usually lower, was observed
at the scale surface (Fig. 3D).

The LA-XRD analysis revealed the presence of both
types of aluminium oxides, the transient (6 and possibly d) and
a-Al,O3. The PLS results showed, however, that a-Al,O; was
essentially detected in the centres of patches in ‘highly patched’
regions (curve 1 in Fig. 3E), while a similar intensity of lumi-
nescence from both phases was observed outside the centres
(curve 2 in Fig. 3E). Although in ‘low-patched’ regions, but in
the vicinity of cracks, 0-Al,O3 predominated, the 6-Al,0O3-re-
lated component of the PLS spectrum was noticeable (curve 4
in Fig. 3F). Virtually no a-phase was found far from cracks in

Substrate grain
boundary

8000 —
2 Z
4
Z 6000 2 )
3 )
O =3
4000 >~
>~ )
= @
Z 2000 [1 z
4 / =
2
z A : z ‘ ‘
14200 14600 14200 14400 14600

14400
WAVENUMBER [em] WAVENUMBER [cm|

Fig. 3. Surface (A-F) and PLS spectra (G) of the scale formed on non-
implanted f-NiAl upon oxidation exposure in oxygen for 15 min. at
1100°C. Scale marks are numbers in white boxes which widths corre-
spond to size given by numbers. White circles in the SEM images indicate
the corresponding PLS analysis location and the size of the analyzed area
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the latter region, 6-phase being the prevailing aluminium oxide
(curve 3 in Fig. 3F). It should be noted that the intensity of the
PLS signal was much stronger in ‘low-patched’ regions than in
‘highly patched’ ones, as demonstrated in Fig. 3 E and F.

Only a-Al,03 was detected in scale using PLS method
during oxidation for 1 h (Fig. 4J), independently of the analysed
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Fig. 4. Surface (A-I) and PLS spectra (J) of the scale formed on non-
implanted B-NiAlupon oxidation exposure in oxygen for 1 hrat 1100°C.
Scale marks are numbers in white boxes which widths correspond to
size given by numbers. White circles in the SEM images indicate the
corresponding PLS analysis location and the size of the analyzed area
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region. However, some maxima related to transient alumina
phases were also found in the LA-XRD spectrum (TABLE 1).
It appears that more grains exhibiting different strain contrib-
uted to the photoluminescence spectra, making them more
complex and broadened than typical a-related doublets. The
‘brighter-appearing’ and ‘darker-appearing’ regions shown to-
gether in Fig. 4A, and separately under higher magnifications in
Fig. 4B-F and 4G-I respectively, differed in terms of their surface
morphology. In the ‘darker-appearing’ regions which constituted
minor surface fraction, a fairly significant part of the scale was
composed of blade-like grains (platelets) (Fig. 4B-D), while
patches with cracks were observed in the other regions (Fig. 4B,
E, F). Only remnants of the ‘blade-like’ grains which nearly lost
their platelet shape developed in ‘brighter-appearing’ regions
(Fig. 4G, I) and patches with radial cracks and oxide growing in
them and protruding at the surface were found (Fig. 4G, H). The
PLS-spectra shown in Fig. 1], correspond to the most and least
developed stages of scale evolution, but as mentioned previously,
always consisting of a-Al,Os.

Fairly similar results were obtained for material oxidized
for 6 hs, as shown in Fig. 5. The only difference is that scale
further evolved and were composed of laterally growing patches

THETA:
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Fig. 5. Surface (A-E) and PLS spectra (F) of the scale formed on non-
implanted B-NiAl upon oxidation exposure in oxygen for 6 hrs at 1100°C
(A-D region with patches, E — region outside of patches). Scale marks
are numbers in white boxes which widths correspond to size given by
numbers. White circles in the SEM images indicate the corresponding
PLS analysis location and the size of the analyzed area

and the ridges started to form a web-like surface morphology
(Fig. 5A-D). Still remnants of oxide platelets were present
between patches and in patches between the ridges (Fig. SE).
Again, a-Al,O; was only detected using the PLS method in
the entire scale, independently of whether it was in patches,
ridges or remnants of platelets (Fig. 5F), but some indication
of the presence of transient oxides appeared in the LA-XRD
spectra.

Two regions appeared at the surface of the scale formed
upon oxidation for 24 hs: the ‘brighter-appearing’ regions with
more developed web-like morphology (higher surface fraction
and larger ridges) and ‘darker-appearing’ ones with less devel-
oped web-like morphology (Fig. 6A-C). Frequently, spallation of
the scale occurred (Fig. 6A). In this case, a-Al,O5 was essentially
detected in the entire scale, independent of the analytical tool
applied (Fig. 6D, TABLE 1).
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Fig. 6. Surface (A-C) and PLS spectra (D) of the scale formed on
non-implanted B-NiAl upon oxidation exposure in oxygen for 24 hrs
at 1100°C (B, C — higher magnification of regions with well- and less-
developed web-like surface morphology, respectively). Scale marks
are numbers in white boxes which widths correspond to size given by
numbers. White circles in the SEM images indicate the corresponding
PLS analysis location and the size of the analyzed area

3.3. Results for Yttrium-implanted p-NiAl

A surface view of the scales formed upon the oxidation
exposures of Y-implanted B-NiAl is shown in Figs. 7-12, com-
pleted for the more prolonged oxidation (1-24 hs) together with
PLS spectra corresponding to the marked regions. In TABLE 1,
the results of LA-XRD maxima are summarised.

It follows from Fig. 7A-C (exposure for 3 min) that at the
very beginning of the reaction of non-implanted material, fairly
flat scale was formed with only very few darker-appearing spots
of sub-micron size and rather regular shapes, similar to those
found on non-implanted material (Fig. 1B, C). The ‘white-



Fig. 7. Surface of the scale formed on Yttrium-implanted 3-NiAl upon
oxidation exposure in oxygen for 3 min. at 1100°C. Scale marks are
numbers in white boxes which widths correspond to size given by
numbers

appearing’ contaminations visible at the scale surface (Fig. 7A)
should be considered as artefacts.

Rather flat and very fine-grained (0.15 pm and less) scale
resulted from oxidation for 7 min, as shown in Fig. 8A-C. The
higher than in previous case surface fraction of very small dark-
appearing spots was found (Fig. 8A).

Fig. 8. Surface of the scale formed on Yttrium-implanted $-NiAl upon
oxidation exposure in oxygen for 7 min. at 1100°C. Scale marks are
numbers in white boxes which widths correspond to size given by
numbers

The fairly flat scale was formed even upon oxidation for
15 min (Fig. 9A-C), with indication of the initial stage of de-
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velopment of ‘blade-like’ surface morphology only observed
clearly under rather high magnification (Fig. 9C).The size of
‘dark-appearing’ spots further grew. Only transient aluminium
oxides, mostly 6-Al,05, were detected in scale using LA-XRD
(TABLE 1).

Fig. 9. Surface of the scale formed on Yttrium-implanted f-NiAl upon
oxidation exposure in oxygen for 15 min. at 1100°C. Scale marks are
numbers in white boxes which widths correspond to size given by
numbers

The 1 h oxidation brought about numerous, relatively large
patches in the scale in which patch-free regions still predomi-
nated, as shown in Fig. 10A and B. In the latter regions, well-
developed oxide platelets were found at the scale surface using
higher magnification (Fig. 10C-E). The PLS spectra indicate that
a-Al, O3 essentially developed in patches (curve 2 in Fig. 10F),
whereas 0-Al,0; prevailed in patch-free regions (curve 1 in
Fig. 10F). Neither PLS nor LA-XRD analyses did provide results
indicating the presence of the a-Al,O5 phase.

The scale formed upon 6 hs of oxidation is shown in Fig. 11
together with corresponding PLS spectra. Similarly to that
observed after 1 h-exposure, the scale exhibited two clearly
different regions: one with surface covered by oxide platelets
consisting of a-Al,O;5 (curve 1 in Fig. 11E) and the second being
patches which were essentially composed of 0-Al,05 (curve 3 in
Fig. 11E). However, in patches and close to the border between
two regions both phases were detected (curve 2 in Fig. 11E).
From the results of LA-XRD it follows that two types of alumina
phases appeared in the scale: transient and a-Al,O5 ones.

According to the PLS results, 24 hour-oxidation was
necessary to produce a-Al,O as the only phase in the scale
on Y-implanted material (Fig. 12H) despite the different scale
morphology (Fig. 12A-G). However, the LA-XRD results still
demonstrated the presence of weak maximum, which may be
attributed to the transient oxide 6-Al,0; (TABLE 1). It shows
again that depending on the analytical tool applied slightly



14400 . 14600
WAVENUMBER [em]

:s 1 1um |

Fig. 10. Surface (A-E) and PLS spectra (F) of the scale formed on
Yttrium-implanted B-NiAl upon oxidation exposure in oxygen for 1 hr
at 1100°C. Scale marks are numbers in white boxes which widths cor-
respond to size given by numbers. White circles in the SEM images
indicate the corresponding PLS analysis location and the size of the
analyzed area

different results can be obtained concerning the phase compo-
sition of the oxide layer. The scale exhibited regions with dif-
ferent stages of development of web-like morphology and the
extents of patch- and web-like morphology-free regions. It can
be illustrated though a comparison of the scale surface shown
in Fig. 12A, E, F and in Fig. 12B, C, D which correspond to
such regions. In the former regions, some remnants of oxide
platelets can still be found (Fig. 12D and G). However, they do
not exhibit different scale phase composition with respect to the
patches and web-like regions.

4. Discussion

The scales formed on polycrystalline non-implanted and
Yttrium-implanted B-NiAl appear to exhibit very similar con-
secutive stages of their evolution in terms of morphology and
phase composition, and only minor differences between both
materials. However, the implanted addition affects the rate of
the scale evolution which, in addition, clearly depends on the
substrate grain. The following common consecutive stages can
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Fig. 11. Surface (A-D) and PLS spectra (E) of the scale formed on
Yttrium-implanted B-NiAl upon oxidation exposure in oxygen for 6
hrs at 1100°C. Scale marks are numbers in white boxes which widths
correspond to size given by numbers. White circles in the SEM images
indicate the corresponding PLS analysis location and the size of the
analyzed area

be inferred from the results obtained for exposures at 1100°C

ranging from 3 min to 24 hours:

1. Formation of rather flat scale without any special features
and with some spots related to the local delamination at the
scale-substrate interface which begins at very early stages
of the exposure, in particular on Y-free material (Figs. 1,
7, 8). This scale essentially consists of transient aluminium
oxides;

2. Local development of round patches with increased
amounts of a-Al,O5 surrounded by oxide exhibiting more
or less distinct blade-like (platelets) morphology of the
surface where transient oxides still predominate (Figs. 2,
10, 11);

3. Lateral growth of patches and formation of cracks in
patches in which successively ‘new’ oxide grows filling
them and appearing as ridges at the scale surface. In the
oxide outside the patches transient oxides still are present,
but the amounts of a-Al,O5 successively increases and
the blade-like morphology disappears, whereas in patches
a-Al,O; predominates, being the only oxide detected in
ridges (Figs. 3, 12);
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TABLE 2 contains the collected information concerning
the relationship between the identified evolution stages of the
scale and the exposure conditions for both materials studied.
The numbers used in TABLE 2 correspond to these applied to the
above described stages. It is worth noting that under the studied
conditions, no oxide phases containing Ni as a component were
found in the scale.

TABLE 2

Evolution stages observed in scales formed on non-implanted and
Yttrium-implanted B-NiAl upon oxidation exposure at 1100°C (num-
bers refer to numbered list in Chapter ‘Discussion’)
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Fig. 12. Surface (A-G) and PLS spectra (H) of the scale formed on
Yttrium-implanted -NiAl upon oxidation exposure in oxygen for 24
hrs at 1100°C. Scale marks are numbers in white boxes which widths
correspond to size given by numbers. White circles in the SEM images
indicate the corresponding PLS analysis location and the size of the
analyzed area

4. Co-existence of regions exhibiting different morphology
in terms of surface coverage by patches and ridges succes-
sively forming web-like surface morphology but consisting
of a-Al,O3 with possibly small amounts of transient oxides
on Y-implanted material (Figs. 4-6, 12).

In general, the above is consistent (in the part that is the
subject of the research reported here) with one of the oxidation
routes proposed in the only attempt to integrate the description
of scale evolution on alumina formers, taking into account the
phase composition of the scale; the scale growth mechanism;
the scale morphology and microstructure, and various interfacial
phenomena [11].

Exposure time | B-NiAl (non-implanted) Y-implanted B-NiAl
3 min. 1 1
7 min. 2 1
15 min. 3 2
1 hr 4 2
6 hrs 40 3
24 hrs 4 4@

(M LA-XRD results but not PLS ones indicated presence of weak a-Al,O5-
related maximum

@ LA-XRD results but not PLS ones indicated presence of weak 0-Al,05-
related maximum

As can be clearly seen from TABLE 2, implanted Yttrium
significantly retarded the scale evolution, mainly by impeding
the phase transformation of transient aluminium oxides into
a-Al,O3, and thereby, development of the latter. Indeed, in the
case of non-implanted B-NiAl, 1-hour exposure was sufficient to
result in the scale built of the protective a-Al,O5 layer, while on
the Y-implanted material even upon 6 hs oxidation considerable
amounts of transient 6-Al,O5 oxide still appeared. The results
obtained for non-implanted B-NiAl oxidized for 6 h and for
Y-implanted B-NiAl oxidized for 24 hs are not unambiguous in
terms of the scale phase composition, because the PLS spectra
indicated no presence of transient oxides while in the LA-XRD
ones the weak maximum related to 6-Al,Oj is still present.

The latter effect may be a consequence of a general trend
observed relying on the highly local nature of the scale evolu-
tion. Both, the scale morphology and phase composition vary
substantially from region to region. However, no strict coinci-
dence was observed between the scale morphology and phase
composition. It means that although at the early oxidation stages
the blade-like morphology seems to correspond to transient
aluminium oxides, the remnants of this morphology are still
present in scales comprising essentially a-Al,O5. It might be,
however, the case that the thickness of transient oxides-contain-
ing sub-layer of the scale is too low to contribute considerably
to the PLS spectrum. Nevertheless, the predominant phase
of a-Al,05 should decisively affect the protective properties
of such scales.

The obtained results indicate that if the materials are sub-
jected to thermal cycles, the additional factors related to the
phase composition of the scales should be taken into account
during the interpretation procedure. For instance, the first of the
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1-h cycles (which is the case for majority of reported results of
experiments) is applied to different scales in terms of their phase
composition which may result in the different responses of the
cycled system. The latter consists of f-NiAl and a-Al,O; for non-
modified materials and of B-NiAl and a mixture of a-Al,O; and
0-Al,05 for Yttrium-implanted B-NiAl. The higher coefficient
of thermal expansion of 8-Al,05 than that of a-Al,O5 ([64]) may
contribute to the level of stresses generated, while the interfacial
strength between these two phases should play a role in the
manner of their relief. However, the longer the cycle duration
the more homogeneous scale in terms of its phase composition
is subjected to the cooling-heating cycles.

It should be added that this study did not address the gen-
eration and distribution of residual stresses in a-Al,O5 oxide.
This would require a much larger number of PLS analyses, in
particular using linear and mapping modes, to achieve adequately
representative results.

An interesting issue for possible further research, at this
stage being beyond the main scope of planned research, may
be to attempt to explain what factors decisively influence the
non-uniform distribution on the scale surface of the sites where
the transformation of transient aluminium oxides into the alpha
phase begins. This effect manifests itself upon SEM observa-
tions as the presence of patches and their non-uniform surface
fraction in different regions. Certainly one of the most important
factors is the orientation of the substrate grains. Fig. 6 illustrates
through different positions of the doublet maxima for a-Al,O5
that the stress level varies from region to region.

5. Concluding remarks

The systematic following of scale evolution on non-
implanted and Yttrium-implanted polycrystalline B-NiAl grown
at 1100°C in oxygen in terms of its morphology and phase
composition allowed for the inferring that the implanted addi-
tion affects the rate of evolution rather than its mechanism. It is
because of the similar consecutive stages as far as both features
are concerned but that they developed later on Yttrium-implanted
material.

However, the very local nature of the scale evolution was
observed and the substrate composition and/or its modification
was not the only factor affecting the rate of evolution. The other
important factor was the substrate microstructure. The con-
secutive stages developed with different rates on different sub-
strate grains. Hence, the superposition of both factors, surface
modification by ion implantation of Yttrium and substrate grain
orientation should be taken into account in the interpretation of
the results obtained.

No unambiguous coincidence between the scale morphol-
ogy and its phase composition was found, despite the tendency
to attribute the blade-like morphology to transient aluminium
oxide phases only. The latter was found to be necessarily valid
in scales formed upon more prolonged oxidation but still at its
transient stage.

The reported here results imply that it is necessary to
complete the obtained description of the early stages of oxida-
tion with more detailed studies of: (i) the microstructure, using
transmission electron microscopy (TEM), and (ii) the mechanism
of scale growth, using a combination of two-stage oxidation
exposures, with that enriched in oxygen isotope '*0 as a tracer,
and secondary ion mass spectrometry (SIMS). The results of
such studies, the initial part of which has already been reported
[13], will be published soon.

It should also be noted that the transient oxides are fairly
stable in scales, in particular on Yttrium-implanted f-NiAl (even
up to 6 hs and, perhaps, to 24 hours) which may affect the re-
sponse of the scale-substrate system to thermal stresses imposed
during thermal cycling exposure.

The following general conclusion and warning can be drawn
from the obtained results: the duration of exposure during the
first oxidation cycle upon thermal cycling may be significant.
Various scales may experience the first so-called thermal shock,
including those in which a steady-state protective scale has not
yet formed. The response of the reacting system and, importantly,
the subsequent course of oxidation may depend on this.
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