Prace Instytutu Metalurgii Zelaza 2018, 70 (2), s. 19-29

19

Radostaw SWADZBA
DOI: 10.32730/imz.0137-9941.18.2.02

INFLUENCE OF HAFNIUM ON HIGH TEMPERATURE
OXIDATION OF NiAl AND Ni;Al ALLOYS

The results presented in this paper concern the modification of NiAl and NisAl alloys with reactive elements that
increase their high temperature oxidation resistance. Literature data indicate that even trace additions of Hf to alu-
minide coatings significantly improve the resistance to oxidation in the range of 1100-1150°C, however the exact
mechanism of its influence is not yet known. In order to determine the influence of various additions of Hf on high
temperature oxidation of aluminide coatings, cyclic oxidation tests were performed at 1150°C of model NiAl and
Ni Al alloys with different Hf additions — from 0.25 wt.% to 1.5 wt.%. High resolution electron microscopy, as well as
chemical composition analysis techniques, were applied to perform a detailed characterisation of the influence of Hf
on the substructure, chemical and phase composition in the nano scale of oxide scales formed during high temperature
oxidation.
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WPLYW HAFNU NA UTLENIANIE WYSOKOTEMPERATUROWE
STOPOW NiAl I Ni;Al

Wyniki przedstawione w artykule dotyczq modyfikacji tzw. pierwiastkami reaktywnymi faz wchodzgcych w sklad
dyfuzyjnych powlok aluminidkowych stosowanych na topatki turbin silnikéw lotniczych w celu zwiekszenia ich odpor-
nosci na utlenianie wysokotemperaturowe. Dane literaturowe wskazujq, ze nawet niewielki dodatek Hf w powlokach
aluminidkowych bardzo silnie wplywa na wzrost odpornosct na utlenianie w zakresie temperatury 1100+1150°C,
Jednak dokladny mechanizm jego wplywu nie jest do korica poznany. W celu okreslenia wplywu réznej zawartosci Hf
oraz scharakteryzowania mechanizmu jego oddzialywania na procesy utleniania wysokotemperaturowego powiok
aluminidkowych przeprowadzono badania cyklicznego utleniania w temperaturze 1150°C stopéw modelowych NiAl
i NisAl o réznej zawartosci Hf — od 0,05% mas. do 1,5% mas. Do przeprowadzenia szczegdlowej analizy wplywu Hf na
substrukture, sklad chemiczny oraz fazowy w skali nano warstw tlenkowych powstajgcych podczas utleniania wysoko-
temperaturowego wykorzystano techniki wysokorozdzielczej mikroskopii elektronowej oraz analizy sktadu chemicznego.

Stowa kluczowe: utlenianie wysokotemperaturowe, pierwiastki reaktywne, stopy Zarowytrzymate

1. INTRODUCTION

In 1937, Pfeil and Griffiths [1] patented a method for
improving the oxidation resistance of alloys by doping
them with the reactive elements (RE) that include i.a.
Hf, Zr and Y. There are a number of research works
proving the positive influence of reactive elements on
high temperature oxidation processes [2-4], however
the exact mechanism of their influence is still unclear.
There is experimental evidence indicating that the
presence of Hf, Y and Zr has a particularly positive ef-
fect on the oxidation processes of alloys that form oxide
scales composed of Al,O; or Cr,03, which leads to [4-8]:
— an increase of oxide scale adherence to the substrate,
— hindering the growth of voids at the interface with

the substrate and limiting sulphur segregation,

— altering the growth mechanism of the oxide scale,

— lowering the growth rate of the oxide scale — ten-
fold in the case of Al,O; and 2—4 times in the case
of Cr,03,

— modification of the oxide scales structure.

The positive effect of reactive elements reveals itself
during cyclic oxidation tests of alloys containing even
trace amounts of REs — of the order of ppm. Pint et
al. [9] performed cyclic oxidation tests of an uncoated
René N5 and NiAl-Zr alloys at 1100 and 1200°C. They
showed that René N5 with 34 ppma Y exhibits a high-
er oxidation resistance than the alloy with no Y and
6 ppm of sulphur, which is directly related to a higher
adhesion of the Al,O;4 oxide scale. Moreover, the resist-
ance of the alloy with 34 ppma of Y is comparable to
that of the alloy after desulfurisation performed in or-
der to increase oxidation resistance [9].

In 1998, Pint proposed the dynamic segregation
theory (DST) [6] which described the way reactive el-
ements influence the growth of Al,O; and Cr,0; oxide
scales. It states that the reactive elements present in
superalloys as well as ODS alloys (oxide dispersion
strengthened — e.g. FeCrAlY) in the form of fine disper-
sion particles firstly segregate to the metal-scale inter-
face and then diffuse along the easiest paths i.e. grain
boundaries in the direction of the oxidising atmosphere
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which is driven by the oxygen chemical potential gra-
dient. It occurs once stable a-Al,05 and a-Cr,05 scales
are formed because no impact of reactive elements on
the growth rate of transient oxides has been observed
so far, but only for the time of their presence which
is prolonged. It is related to a higher solubility of re-
active elements in i.a. 6-Al,0; [10]. Research works
performed by Sheasby [11] and Nicolas-Chaubet [12]
revealed that these elements are present in an ionic
state, while Pint showed [6] that during oxidation,
they are continuously diffusing (i.e. they are not stat-
ic), which was indicated by the observation of nuclea-
tion and growth of particles containing Hf, Zr and Y on
grain boundaries of oxide scales [13, 14].

The dynamic segregation theory states that the re-
active elements lower the parabolic rate constant k, by
blocking the outward diffusion of AI** in a-Al,Q,. Pint
suggested that this occurs because these elements dif-
fuse slower along grain boundaries than Al, thus re-
tarding its diffusion [6]. In recent papers [5, 15], Heuer
stated that the reactive elements hinder the outward
diffusion of Al** cations by lowering the ionisation of Al
at the metal-scale interface because of which it grows
only due to the inward diffusion of O”. As a result,
the growth of the oxide scale occurs only at its inter-
face with the substrate and not within it, which usu-
ally leads to compressive stresses. Therefore, a-Al,O4
scales forming on Zr and Hf containing alloys are char-
acterised by tensile stresses, which was shown by Veal
et al. [16].

There are several methods to introduce reactive el-
ements to high temperature coatings, such as ionic
implantation [17, 18] or Chemical Vapour Deposition
(CVD) [19], however these do not provide a sufficiently
high concentration of these elements, and thus a con-
tinuous diffusion to the metal-scale interface as well
as along its grain boundaries. Therefore, the most ef-
fective method is the addition of reactive elements to
superalloys. It is a motivation for studies on oxidation
processes of alloys with coatings in order to determine
their influence on the behaviour of REs present in the
substrate. These investigations are possible owing to
the achievements in the scanning-transmission elec-
tron microscopy techniques STEM during the recent
decades enabling the detection of RE segregation
[13, 14, 20-22].

2. EXPERIMENTAL PROCEDURE

The aim of the performed investigations was the
characterisation of influence of various amounts of Hf
(from 0.25 wt.% to 1.5 wt.%) on the high temperature
oxidation resistance of model NiAl and NizAl alloys.
Cyclic oxidation tests were performed for these alloys
at 1150°C.

Cyclic oxidation tests are one of the basic criteria
for assessing the properties of protective coatings and
superalloys. Cyclic heating to a high temperature and
cooling to room temperature causes the growth of ox-
ides and then their spallation. Measurement of mass
changes (gravimetric tests) is a commonly accepted cri-
terion for assessing the durability of coatings. In the
tests, a thermal cycle was used, consisting in heating
the samples to 1150°C, holding at the temperature for
23 hours, and then air cooling. Samples with a diam-

eter of 14 mm and a thickness of 4 mm were weighed
on an analytical balance with an accuracy of 10° g to
determine the initial mass and then they were placed
in ceramic boats. After each 23 hour oxidation cycle,
the samples were weighed and the mass change was
converted into a unit of area. The results were plotted
on the graph of the change in weight and number of
cycles. As a criterion of durability, the number of cy-
cles at which the curve of mass changes crossed the so-
called ‘zero’ line, below which there was a loss of mass
of the samples below the initial mass, was used.
Surface structure investigation of the samples was
performed using a FEI Inspect F scanning electron mi-
croscope. The microstructure and substructure in the
cross-sections of the oxide scales formed during oxi-
dation were analysed using a FEI TITAN 80-300 high
resolution scanning transmission electron microscope
(STEM) equipped with Energy Dispersive X-ray Spec-
trometer (EDS). The samples for STEM investigations
were prepared using the focused ion beam (FIB) method.

3. RESULTS

Based on the performed cyclic oxidation test at
1150°C, mass change graphs were plotted as a function
of the number of 23 hour cycles (Fig. 1 and 2) illus-
trating the growth of oxide scales on the surface of the
investigated samples. They contain the mass change
for all of the investigated samples — NizAl and NisAl +
+ 0.25Hf, 0.5Hf, 1.5 Hf (Fig. 1) and NiAl, NiAl + 0.25Hf,
0.5Hf, 1.5Hf (Fig. 2).

The analysis of mass changes of the samples subject-
ed to the cyclic oxidation test showed that the highest
durability (above 45 23-hour cycles at 1150°C) was ex-
hibited by the NiAl alloys modified with 0.25, 0.5 and
1.5 wt.% Hf as well as the NizAl alloy with 1.5 wt.% Hf.
In the case of all these samples no mass loss was ob-
served below its initial value during the cyclic oxida-
tion test. Moreover, in the case of all NiAl samples,
a continuous mass gain was observed, while the mass
of NizAl-1.5Hf was constant until the 34™ oxida-
tion cycle, after which its gradual decrease occurred.
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Fig. 1. Mass change diagram as a function of 23-hour cycles

at 1150°C for NizAl and NizAl + 0.25, 0.5 and 1.5 Hf

Rys. 1. Wykres zmiany masy w funkcji liczby 23-godzin-

nych cykli w temperaturze 1150°C dla prébek NizAl oraz

NizAl + 0,25, 0,51 1,5 Hf
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Fig. 2. Mass change diagram as a function of 23-hour cycles
at 1150°C for NiAl and NiAl + 0.25, 0.5 and 1.5 Hf

Rys. 2. Wykres zmiany masy w funkcji liczby 23-godzin-
nych cykli w temperaturze 1150°C dla prébek NiAl oraz
NiAl + 0,25, 0,5 i 1,5 Hf

The NizAl, NiAl, NizAl-0.25Hf and NizAl-0.5Hf alloys
showed a mass loss below its initial value during the
cyclic oxidation test. The highest durability among
these alloys was shown by NizAl-0.5Hf, the mass of
which decreased below its initial value after 24 cycles.

In the case of an unmodified NizAl alloy, the highest
mass gain was observed — 8.59 mg/cm® after 4 oxida-
tion cycles. The addition of 0.25Hf to NisAl led to over
a six-fold decrease of the mass gain during high temper-
ature oxidation to around 1.34 mg/cm? (Fig. 3), which
is the lowest measured value of mass gain among the
investigated samples. The increase of Hf concentration
— from 0.5 to 1.5 wt.% leads to an increase in the mass
gain of the Ni;Al alloy. In both cases it is, however, low-
er than in the unmodified alloy. The addition of 0.5 wt.%
to NizAl causes an increase in durability to 24 cycles at
1150°C, while the addition of 1.5 wt.% causes a rapid
durability increase to over 46 cycles.
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Fig. 3. Maximum mass gain during cyclic oxidation test at
1150°C for NizAl and NizAl + 0.25, 0.5 and 1.5 Hf

Rys. 3. Maksymalny przyrost masy podczas testu cyklicz-
nego utleniania w temperaturze 1150°C dla prébek NizAl
oraz Ni;Al + 0,25, 0,51 1,5 Hf

The mass changes of NiAl alloys modified with Hf
are presented in Fig. 4. Based on the performed analy-
sis, it was concluded that with the increase in Hf con-
tent an increase of NiAl durability occurs, as well as
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Fig. 4. Maximum mass gain during cyclic oxidation test at
1150°C for NiAl and NiAl + 0.25, 0.5 and 1.5 Hf

Rys. 4. Wykres przedstawiajacy maksymalny przyrost
masy podczas testu cyklicznego utleniania w temper-
aturze 1150°C dla prébek NiAl oraz NiAl + 0.25, 0.5 i 1.5 Hf

an increase of the maximum mass grain during the
cyclic oxidation test. Contrary to unmodified NizAl, the
unmodified NiAl showed the lowest mass gain, how-
ever its lifetime was around 24 cycles. The addition of
0.25 and 0.5 wt.% Hf resulted in an increase of mass
to around 8.5 and 9.16 mg/cm® respectively. A signifi-
cant mass gain was observed in the case of NiAl-1.5Hf
— around 18.08 mg/cm®. For all Hf-modified NiAl alloys
no mass loss was observed.

Fig. 5 presents the photographs of NiAl and NizAl
alloys samples as well as their modifications with haf-
nium in the initial condition (Fig. 5a), during cyclic ox-
idation test (Fig. 5b—d) and after cyclic oxidation test
(Fig. 5-7).

In the initial state, all the samples were character-
ised by a shiny and polished surface (Fig. 5a). During
the cyclic oxidation test, the growth of oxide scales was
taking place on the surface of the samples, which is
illustrated by the change in their appearance. After
5 23-hour cycles at 1150°C, the samples of NiAl alloy
and its modifications were characterised by a grey and
dull colour, while the Ni;Al samples were covered with
a mixture of blue and green oxides. With the increase
of Hf content a decrease in the amount of blue-green
regions was observed, which were replaced by grey-
brown oxides. Moreover, in the case of the unmodified
Ni;Al alloy, the oxide scale was characterised by a very
low adherence to the substrate and its spallation oc-
curred, which is visible in Fig. 5¢ after 8 cycles of oxida-
tion. Within the ceramic crucible in which the samples
were placed, spalled oxidation products were observed
for both Ni;Al and NizAl-0.25Hf samples. After 23 cy-
cles at 1150°C, NiAl, NizAl and Niz;Al-0.25Hf were not
subjected to further cyclic oxidation testing. The high-
est amount of green and blue oxides that spalled from
the surface was observed in the place where the NisAl
sample was present. Around the NiAl sample grey and
brown oxides were found, while in the vicinity of the
Ni;Al-0.25Hf sample the spalled oxides were blue and
green. The modified NiAl as well as the NizAl-0.5 and
Ni;Al-1.5Hf samples were characterised by an adher-
ent oxide scale.

The photographs of the NiAl and NizAl samples
are presented in Fig. 6 and 7 respectively, and they
illustrate the condition of their surface after the cy-
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b) 5 CYCLES AT 1150°C
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Fig. 5. Visual appearance of samples subjected to cyclic oxidation test: a) initial state and after, b) 5 cycles, ¢) 8 cycles and

d) 23 cycles at 1150°C

Rys. 5. Zdjecia probek poddanych testowi cyklicznego utleniania: a) stan wyjsciowy, b) stan po 5 cyklach, c) stan po 8 cyklach

i d) stan po 23 cyklach w temperaturze 1150°C

clic oxidation test. In the case of the NiAl and NisAl,
NizAl-0.25Hf, NizAl-0.5Hf samples, the photographs
are presented after the samples crossed their initial
mass during the cyclic oxidation test. The remaining
samples for which no mass loss was observed were pho-
tographed after 46 23-hour cycles.

The surface of the samples that exhibited the lowest
durability during the cyclic oxidation test, i.e. NiAl and
NizAl, was characterised by the presence of bright re-
gions of metallic appearance which were the substrate
exposed by the spallation of the oxide scale. It proves
the low adherence of the oxide scale formed on these
alloys. The remaining surface of the NiAl sample is
covered by a grey-brown oxide scale, while the NizAl
is characterised by a green-blue shade. The samples of
Ni;Al modified with 0.25 wt.% and 0.5 wt.% Hf were

also covered by green and blue oxides. Among the sam-
ples of Ni;Al alloy, the lowest amount of green and
blue oxides was present on the sample modified with
1.5 wt % Hf. With the increase of Hf concentration in
the alloy, the area of oxide spallation decreased, as well
as the amount of green-blue oxides.

All the samples made of the NiAl alloy modified with
Hf - 0.25, 0.5 and 1.5 wt.% were covered by a compact
and adherent oxide scale. Few sites with exposed sub-
strate alloy were found on their surfaces, which proves
the excellent oxide scale adherence in the presence of
hafnium. It was also proven on the mass change dia-
grams during the cyclic oxidation test (Fig. 2).

The surface microstructure analyses were performed
on the samples made of NiAl and Nis;Al alloys, as
well as their modifications with various amounts of
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NiAl + 1.5 Hf
AFTER 46 CYCLES

NiAl NiAl + 0.25 Hf
AFTER 11 CYCLES AFTER 46 CYCLES

Fig. 6. Visual appearance and SEM-BSE images of the surface of the samples: NiAl after 11 cycles (a, d, g), NiAl-0.25Hf (b, e, h)
and NiAl-1.5Hf (c, f, i) after 46 23-hour cycles at 1150°C

Rys. 6. Makrofotografie oraz obrazy SEM-BSE powierzchni prébek: NiAl po 11 cyklach (a, d, g) oraz NiAl-0,25Hf (b, e, h)
i NiAl-1,5Hf (c, f, i) po 46 cyklach 23-godzinnych w 1150°C

Table 1. Results of chemical composition analysis from microareas presented in Fig. 6

Tab. 1. Wyniki analizy skladu chemicznego w mikroobszarach oznaczonych na rys. 6

Point 1 2 3 4 5 6
Element at. % at. % at. % at. % at. % at. %
Ni 52.2
Al 40 47.8 40 38.4 40 30.3
(0) 60 60 60.3 60 61.6
Hf 1.3 8.1
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NiAl NiAl + 0.25 Hf
AFTER 11 CYCLES AFTER 46 CYCLES

NiAl + 1.5 Hf
AFTER 46 CYCLES

Fig. 7. Visual appearance and SEM-BSE images of the surface of samlpes: NijAl after 11 cycles (a, d, g), Ni;Al-0.25Hf after
12 cycles (b, e, h) and Ni;Al-1.5Hf (c, f, i) after 46 23-hour cycles at 1150°C

Rys. 7. Makrofotografie oraz obrazy SEM-BSE powierzchni prébek: NizAl po 11 cyklach (a, d, g) oraz Ni;Al-0.25Hf po 12 cyklach
(b, e, h) i NizAl-1.5Hf (c, f, i) po 46 cyklach 23-godzinnych w 1150°C

Table 2. Results of chemical composition analysis from the microareas marked in Fig. 7
Tab. 2. Wyniki analizy skladu chemicznego w mikroobszarach oznaczonych na rys. 7

1 2 3 4 5 6 7 8
Element
at. % at. % at. % at. % at. % at. % at. % at. %
Ni 1.7 50 3.9 5.7 0.6 3.8 4.3
Al 38.7 36.9 35.4 39.5 37 40 27.7
(6] 59.6 50 59.2 58.9 59.9 59.2 60 60.6
Hf 7.4
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Hf (0.25-1.5 wt.%). The results of the investigation of
NiAl alloys are presented in Fig. 6 and Table 1, while
those for NizAl alloys are shown in Fig. 7 and Table 2.

The SEM-BSE investigation enabled the differenti-
ation of the areas with regard to the average atomic
number of elements on the surfaces of the samples after
the cyclic oxidation test. It was shown that the surface
of NizAl alloys is covered by a complex oxide scale most
probably consisting of Al,04 oxide of grey shade and
NiO or Ni,AlL,O, oxides characterised by a green-blue
shade. The growth of nickel oxides is caused by a low Al
concentration in the alloy and simultaneous oxidation
of both Ni and Al. The alternate spallation and growth
of new oxides on the exposed substrate leads to a rapid
mass loss of the samples, which is shown on the mass
change diagrams from the cyclic oxidation test (Fig. 1).
In the case of the unmodified NisAl, the highest mass
gain was observed (8.59 mg/cm?), which is related to
the formation of nickel oxides of high growth rate and
volume (Fig. 7d, g). These are characterised by a low
adherence to the substrate which led to a rapid mass
loss below its initial value. Based on the microstruc-
tural investigation of the surfaces of NizAl samples, it
was observed that with the increase of hafnium con-
centration from 0 to 1.5 wt.% a decrease of the amount
of nickel oxides occurs, which leads to the formation of
a protective Al,O5 oxide scale. It is illustrated in the
mass change diagrams (Fig. 7) as well as on the bar
graph showing the maximum mass gain of the sam-
ples (Fig. 4). The addition of 0.25 wt.% Hf to NiAl alloy
leads to the inhibition of the formation of nickel oxides,
thus it is characterised by the lowest mass gain among
the investigated samples. Along with the increase of Hf
concentration from 0.25 to 1.5 wt.% a gradual increase
of mass gain was observed (Fig. 4), related most proba-
bly to the oxidation of hafnium. Moreover, an increase
in the oxidation resistance was also observed, caused
by increased adhesion of the Al,O5 oxide layer to the
substrate in the presence of Hf (Fig. 1).

The surface investigation of NiAl alloys — unmodi-
fied and containing 0.25-1.5 wt.% Hf enabled the de-
termination of hafnium influence on their oxidation
processes. The surface of the unmodified alloy is char-
acterised by the presence of a uniform Al,O5 oxide lay-
er and numerous areas of exposed substrate where the
spallation of the oxide scale occurred. It is confirmed by
the analysis of the surface photographs after the cyclic
oxidation test (Fig. 6). Due to the high Al concentration
in the alloy, it does not form an oxide scale containing
nickel oxides (NiO or Ni,Al,O,) observed in the case of
NizAl. The analysis of the mass change curve during
the cyclic oxidation test (Fig. 2) revealed that increas-
ing the hafnium concentration leads to the increase of
the alloy’s oxidation resistance. In the case of the un-
modified NiAl alloy after 8 oxidation cycles a mass loss
was observed below its initial value, while the alloys
containing 0.25 to 1.5 wt.% Hf exhibited excellent oxi-
dation resistance during the 46 cycles at 1150°C. Since
the oxide scale growing during the oxidation of NiAl
alloy is composed of Al,O5 alone, the mass change is
directly dependent on its adherence to the substrate.
It appears that with the increase in the concentration
of hafnium the adherence of oxide scale increases as
well. Similarly to the NizAl alloy, in the case of NiAl
along with the increase in the hafnium concentration

the maximum mass gain during cyclic oxidation in-
creases simultaneously, which is undoubtedly related
to the formation of hafnium oxides (Fig. 4). They were
observed on grain boundaries of the Al,O4 oxide scale
formed on NisAl-0.25Hf in the form of precipitates of
300 nm (Fig. 6h). With increased Hf concentration in
the NiAl alloy to 1.5 wt.%, the hafnium oxides develop
to around 1.5 pm (Fig. 6i), which leads to an increase in
sample mass gain. Moreover, the formation of hafnium
oxides was observed within the oxide scale in the re-
gions where it suffered from decohesion (Fig. 6i). This
can indicate the negative influence of a too high Hf con-
centration on the durability of the oxide scale.

In order to determine the behaviour of hafnium as
a modification of the investigated alloys, a detailed
microstructural STEM analysis was performed of the
oxide scales formed during high temperature oxida-
tion at 1150°C. Fig. 8-10 present the results of STEM
investigation of the oxide scale formed on the Hf-free
Ni;zAl alloy, while Fig. 11-13 present the results for the
Ni;Al-0.25Hf alloy.

The oxide scale formed on the Hf-free NizAl alloy
is characterised by a double layered microstructure
(Fig. 8a, b) which is composed of the outer zone con-
taining NiAl,O, (Fig. 8c, d and Fig. 10 d—f), which most
probably formed due to the reaction between NiO and
transient Al,O; (e.g. 0-Al,0;), as well as an internal
zone containing equiaxed -Al,O grains (Fig. 10a-c).
Between the outer and inner zone, there is a region with
porous 0-Al,O5 that formed due to the transformation
from 6-Al,O5 and volumetric changes that accompany
it (Fig. 8¢, d). The STEM investigation of the a-Al,O4
region in the inner zone of the oxide scale revealed the
presence of nanometric NiS, precipitates of around
30 nm. Fig. 9. shows the distribution of elements in
the area where the sulphides are present, while Fig. 8f
shows the electron diffraction of NiS,. These are formed
due the diffusion of sulphur to the surface of the oxidised
alloy. It is proven by the STEM-HAADF images of the
oxide layer shown in Fig. 8e, f where the NiS, precipi-
tates are present only in the inner zone of the oxide scale.
During the growth of the oxide scale, due to inward oxy-
gen diffusion, these are embedded in grain boundaries of
the a-Al,O4. Besides the nanometric NiS, precipitates no
other phases containing sulphur were found.

The microstructure of the oxide scale formed on the
Ni;Al alloy with 0.25 wt.% Hf is also composed of two
zones (Fig. 11a, b) that include the external porous one
with NiAl,O, as well as an internal one with a-Al,O4
grains visible in Fig. 11c, d. The phase constituents of
the oxide scale were identified using electron diffrac-
tion, the results of which are shown in Fig. 13. Contra-
ry to the Hf-free alloy, in the presence of 0.25 wt.% Hf
the a-Al,05 grains are characterised by a good adher-
ence to the substrate and a columnar structure, which
is characteristic of Hf modified alloys. The elemental
distribution analysis revealed the presence of Hf on
the a-Al,O5 grain boundaries (Fig. 12). Moreover, the
presence of Hf was also found in the bright precipitates
within the outer zone of the oxide scale. In contrast to
the Hf-free NizAl alloy, no sulphides were found in the
Ni;Al-1.5Hf alloy.
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———— 500 nm

———100 im

Fig. 8. STEM-HAADF and DF images of the oxide scale microstructure formed on the Ni;Al alloy during 11 cycles of oxida-
tion at 1150°C (a, b), interface between the internal o-Al;0; and external NiAl,O, zones (c, d), grain boundary of a-Al,O; with
a visible NiS, sulphide (e, f)

Rys. 8. Obrazy STEM-HAADF i DF mikrostruktury warstwy tlenkowej powstalej na stopie NizAl podczas 11 cykli utleniania
w temperaturze 1150°C (a, b), granica rozdzialu pomiedzy wewnetrzna strefa a-Al,O; ora zewnetrzna strefa NiAl,O, (c, d),
granica ziarn a-Al,O; z widocznym siarczkiem niklu NiS, (e, f)

———————1 50 nm

Fig. 9. Elemental distribution in the
area of NiS, on grain boundaries of
a-Al, O3 (a), S (b), Ni (¢), O (d)

Rys. 9. Rozmieszczenie pierwiast-
kéw w obszarze wystepowania siarc-

zku niklu NiS, na granicy ziarn tlenku
-AlO; (2), S (b), Ni (c), O (d)
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alpha-alumina [010]

Fig. 10. Bright field TEM image of the oxide scale formed on Ni;Al alloy during 11 23-hour cycles at 1150°C (a), dark field TEM
and electron diffraction for the a-Al;O; phase (b, ¢), bright field, dark field and electron diffraction of NiAl,O, (d-f)

Rys. 10. Obraz pola jasnego TEM warstwy tlenkowej powstalej na stopie NizAl podczas 11 23-godzinnych cykli utleniania
w temperaturze 1150°C (a), obraz pola ciemnego TEM i dyfrakcja elektronowa dla fazy a-Al,O; (b, c), obrazy pola jasnego
i ciemnego oraz dyfrakcja elektronowa dla fazy NiAl,O, (d-f)

Fig. 11. STEM-HAADF and DF images of
the oxide scale microstructure formed
on NizAl during 12 23-hour cycles at
1150°C (a, b), metal-scale interface (c, d)

Rys. 11. Obrazy STEM-HAADF i DF
mikrostruktury warstwy tlenkowej
powstalej na stopie NizAl podczas 12
23-godzinnych cykli w temperautrze
1150°C (a, b), granica rozdzialu warst-
wy tlenkowej z podlozem (c, d)
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Fig. 12. STEM-HAADF (a) and DF (b)
images of the a-Al,O; grains along with
elemental distribution of: ¢) Hf, d) Al,
e)Niandf) O

Rys. 12. Obrazy STEM-HAADF (a)
i DF (b) granicy ziarn o-Al;O; oraz roz-
mieszczenie pierwiastkow: ¢) Hf, d) Al,
e)Niif) O

Fig. 13. Bright field TEM image of the
oxide scale formed on NizAl-0.25Hf dur-
ing 12 23-hour cycles at 1150°C (a), dark
field TEM images and electron diffrac-
tions for a-Al,O; (b, ¢) and NiAlL,O4 (d, e)

Rys. 13. Obraz pola jasnego TEM warst-
wy tlenkowej powstalej na stopie
Ni;Al-0.25Hf podczas 12 23-godzinnych
cykli w temperaturze 1150°C (a), obra-
zy pola ciemnego TEM oraz dyfrakc-
je elektronowe dla faz o-Al,O3 (b, )
i NiALO, (d, e)




Prace Instytutu Metalurgii Zelaza 2018, 70 (2), s. 19-29

29

4. SUMMARY

The paper presents the results of cyclic oxidation re-
sistance tests at 1150°C of model NiAl and Ni;Al alloys
and their modifications with various amounts of hafni-
um — from 0.25 to 1.5 wt.%. Based on the mass change
curves formed during the cyclic oxidation test, it was
shown that increasing the Hf content in both alloys im-
proves their cyclic oxidation resistance at 1150°C. The
highest resistance was exhibited by the Ni;Al-1.5Hf al-
loy as well as all Hf-containing NiAl alloys (above 46
23-hour cycles at 1150°C).

It was shown that in the case of Ni;Al alloy, in the
presence of Hf, the growth of nickel oxides is limit-
ed and the adhesion of Al,O4 oxide scale is improved,
which leads to an increased cyclic oxidation resistance.
This effect was also observed in the case of NiAl alloys

where no nickel oxides were formed, while the increase
in oxidation resistance was related to improved alu-
mina adhesion. Too high a content of Hf in the alloys
leads to the formation of large Hf oxides within the ox-
ide scale that could lead to its decohesion and compro-
mise the adhesion to the substrate.

The detailed STEM investigation showed that the
Hf-free NizAl alloy as well as NizAl-0.25Hf forms an
oxide scale with an outer NiAl,O, and inner 0-Al,O4
zones. It was revealed that in the Hf-free alloy, sulphur
is present in the form of nickel sulphides which are
embedded in the inward grown 0-Al,O; grains. In the
presence of Hf in Ni;Al, the formation of sulphides is
inhibited. Moreover, it was found that hafnium oxides
are formed within the outer NiAl,O, layer of the oxide
scale, while segregation of Hf occurs in grain bounda-
ries of the internal a-Al,O4 zone.
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