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ABSTRACT

The work covers the investigation of the oxidation behavior
of nickel-chromium-aluminum base alloys at high temperatures.

Part I. The oxidation of ternary nickel-chromium-aluminum alloys
containing different chromium/aluminum ratiors has been investigated

in the temperature range 800-1200°C in pure oxygen or air. The in-
vestigation included thermogravimetric measurements of oxidation rates
and generally the oxidation rate decreased faster with time than that
for an ideal parabolic behavior. The oxidation however in some cases
can be described as parabolic over parts of the reaction period. The
major reaction products were NiO, Cr203, a-A1203, NiA1204, and Ni(CrAl)2

Oy The Ni-Y9Cr-6Al alloy displayed the DLest oxidation resistance. The
oxidation mechanism of the alloys is discussed.

Part I1. The oxidation of Ni-9Cr-5A1 with alloy additions of 2 w/o
(weight percent) titanium and of 2 w/0 titanium +0,1 w/o samarium were
investigated in the temperature range 800-1300°C in flowing air (1 liter/
min) and oxygen at a pressure of 1 atm. The major reaction products were
Ni0,Cr,04, a-AleS, spinel, and TiO,. The titanium-addition had a dele-
terious effect on the oxidation resistance of the Hi-9Cr-5Al1 base alloy.

Part III. The oxidation behavior of two nickel-chromium and three nickel-
chromium-aluminum alloys with small additions of manganese (0.2-1.2%) was
investigated in the temperature range 800-1200°C. The manganese-additions
produced no significant changes in the reaction behavior of the alloys.

Part IV. Oxidation of three nickel-chromium-aluminum alloys and two
nickel-chromium-aluminum-niobium-manganese-silicon alloys with small
additions of yttrium (0.005-1.5%) has been studied in the temperature
range 800-1200°C. The effects of yttrium-additions less than 0.1% were
difficult to analyze and evaluate, but larger additions had a marked
effect on the microstructures and detailed reaction characteristics of the
alloys. Yttrium was enriched at the grain boundaries of the alloys pro-
bably as a nickel-yttrium intermetallic compound. A preferential oxidation
of grain boundaries next to the alloy surface was shown with increased
oxide adherence. The increased oxide adherence is attributed to a "key-
on' effect due to the irregularity in the interface betwcen the oxide and
alloy.
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PART I - THE HIGH TEMPERATURE OXIDATION OF SOME NICKEL-CHROMIUM-ALUMINIUM
ALLOYS CONTAINING DIFFERENT CHROMIUM/ALUMINIUM RATIO.

1. INTRODUCTION

Many studies have been made on nickel-chromium base alloys to deter=
mine the use of these alloys as high temperature materiels in oxidizing
atmospheres.l-5) Aluminium additions +to high temperature alloys gener-
ally impart good oxidation resistance, but systematic studies on the effect
of aluminium addition to nickel-chromium alloys have only been reported in
a few cases.6'8) Ignatov and Shamgunovas) studied the kinetics of the
thermal oxidation of N{-20Cr" alloys with addition of 1, 4.2, 7.2, and
10 % aluminium between 600 and 1000 ° in1 atm. air. They reported that
additions of aluminium to Ni=-20Cr increase the oxidation resistance.

Gulbransen and AndrewT) studied oxidation of Ni-20Cr with addition of
4 & aluminium. They reported that the addition of aluminium to nickel-
chromium alloys does not yleld any appreciable improvement in the oxidation
resistance.

This paper presents studies on oxidation of 6 different nickel-chromium-

aluminium alloys with different chromium/aluminium ratio. An objective of the

work is to determine if the chromjium-content may be reduced and still retain
a good oxidation behaviour. The oxidizing atmosphere was oxygen or air at

1l atm., but in cne case the oxidation was also studied as a function of the
oxygen pressure. The reaction behaviour was studied at temperatures from
800 to 1300 °C and for reaction periods up te 100 hours.

% The compositions of the alloys are in the following given in
welght percent.



2. MATERIALS AND METHODS

2.1 Materials.

The nickel-chromium=aluminium alloys were prepared in argon atmosphere
(pressure 0.5 atm.) in an induction furnace and cast in an alumina crucible.
The chemical analysis of the alloys are given in Table I.

2.1.) Specimen Preparation. All specimens used in these studies were
machined by means of the spark errosion method to rectangular oxidation
test specimens. The test specimens had a thickness ranging from 0.4 to
0.6 mm and a total area of about 2,3 cmg. Prior to oxidaticn test the
specimens were washed in acetone and annealed in high vacuum (<:10-5 torr)
for 1 hr at 1000 °c,

2.2 Methods.

2.2.1 Thermogravimetric Measurements of Oxldation. Rates of oxldation

were measured thermogravimetrically with a Cahn automatic recording
balance firmly mounted above a vertical furnace., The complete furnace
assembly consisted of two separate high vacuum systems, which were con-
nected to the reaction and heating element chambers, respectively. An
alumina (recrystallized) tube was used as a reaction chamber. The reaction
temperature was measured with Pt-5 % Rh/Pt-20 % Rh thermocouples located
next to the specimens. The specimens were suspended in a Pt-10 % Rh wire
or in sintered alumina fibers.,

The specimens were introduced at room temperature and the system was
evacuated to 10"5 torr. After establishing the desired temperature and gas
pressure, the specimens were lowered into the reaction zone and suspended on
the balance.

2.2.2 Identification of the Reaction Products. The methods for characteri-
zing the reaction products formed during the oxidation were metallographic
techniques (Reichert MeF Microscope), X-ray diffraction {FeCRD-3d) techni-
ques and electron probe micro-analysis {Cambridge X-ray Scanning Micro-

analyser Mark II A), electron diffraction and electron microscope techniques
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Light microscopy permitied an evaluation of the reaction zone, an
estimate of the number of the surface oxide phases in the scale, and the
nature of the internal oxidation zones. The metallographic cross sectlons
of the specimens were prepared as follows: the cross section of the
specimen was {irst ground with various grades of SiC-paper, then polished
with diamond paste and finally with alumina. The specimens were usually
etched 1o reveal clearly the different reaction products and microstructure
resulting during the oxidation process. A solution of 10 ml HNoj + 0.3 ml
Vogel's Sparbeige + 100 ml cons. HCLl + 100 ml dest HEO or 150 ml CH,COOH +

3
100 ml cons HNO, + 360 ml cons. HCl + 30 ml cons Hésou + 2030 ml sat.sol.

of FeCl3 + 150 il dest H20 was used as etchant.

In the electron probe analysis the surface was made conductive by
evaporating a thin carbon film. The micreoanalyser was run with 20 kV
acceleration potential. Calibrations of the element concentration were
established, uzing pure standards. For the absorption corrections the
method by Philibertg) was used.,

The oxide layers were examined in bright field, dark field and selected
area diffraction in order to determine the compositicn of each layer. The
different polyorystalline oxides were identified by thelr diffraction pattern.
The distance d between the rational (hkl) planes was determined by the

equation

hkl

Gt = Xy

where xhkl = the distance between the hkl and the hkl spots on the film;

L = the apparatus conatant,
L was determined in a standard waylo). Struectural characterization of oxide
prhases was determined by means of an electron microscope analysis method
described by Hirsch et al.lo) end @j¥%nnes and Simensen.ln)
The oxide films were stripped from the surface by scoring the surface into
small grids and etching in a solution of 4% bromine in methanol. The oxide
films were washed, dried and placed immediately in the microscope.



3. EXPERIMENTAL RESULTS

Zel Oxidation in 1 atm. alr or oxygen.

2.1.1 Reaction Rate Measurements. The nickel-chromium-aluminium alloys
listed in Table 1 were studied in the temperature range of 500-1300 OC.
Alloys No. 2, 3 and 5 were studied in oxygen and alloys No. 3, 4, and 6

were studied in air.

Results of thermogravimetric studies are presented in Fig. l-6. The
weight change of the specimens are given in mg/cma. The surface area
was taken as the geometirical surface area of the unoxidized specimens.

The results are presented in both linear (mg/cm2 versus time) and para-
bolic (mgQ/cm4 versus time) plots.

From the linear plots is seen that in most cases the oxidation rates
decrease with time, showing that the oxide scales have protective proper-
ties, The corresonding parabolic plots, however, illustrate that only in
a few cases can the oxidation be described as parabolic over the whole
time period studied. The oxidaticn usually decreases faster with time
than that for an ideal paraboliec behaviour. But the oxidation can be
approximated as parabolic over parts of the reaction periods.

Further examination of the results show that the oxidation
exhibits usually an irregular temperature dependence in that the oxidation
generally goes through a maximum in the temperature range 900-~13C0 oC.

This behaviour reflects change In the oxidation mechanism with temperature,
It may be noted that the oxidation kinetiecs for alloy No. 3 oxidized in
pure oxygen exhibit a regular temperature dependence compared to that in
air,

For comparative purposes the oxidation of Ni-19,5Cr, Ni-8.8Cr and Ni-6Al
was studied in 1 atm. oxygen and at 800, 1000, and 1200 °c. The oxidation
is approximately parabolic, but it tends to deviate from such behaviour with

7)

increasing temperature. The relative oxidation rates of the hickel~
chromium-aluminjum, nickel=chromium, and nickel-aluminium alloys are
illustrated in Fig. 7 which shows linear plots of the oxidation of the alloys
in 1 atm. oxygen at 1000 ©C and 1200 °c.
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3.1.2 Studies on Reacted Specimens. Reacted specimens were examined by
means of metallographic techniques, Xe-ray diffraction and electron probe
microanalyses as descoribed above,

In most cases the surface scales could be described as single or
double=layered. In addition, internal oxidation zones were observed in
some cases. The major reaction products on the ternary alloys after
about 50 hrs, reaction time were NiO, Cr20 » and a-A120 » After short
reaction periods (about 10 min.) N1A1204 and Ni(Al,cr)aou could also be
identified.

Alloy No, 2 (Ni-14Cr-6A1). Fig. 8 shows a metallographic ocross section
of this alloy reacted for~48 hrs. in air at 1000 ®c. The oxide scale on
this alloy specimen was loosely adherent and partly spalled off during
cooling in the furnace. X-ray diffraction studies directly on the sur=-

face of the reacted specimens show that the surface oxide mainly consists
of N10 at 900 °C and of @-Al,0 at higher temperstures. At 1200 °C the
a-A1203 layer partly spalled off during cooling.

Alloy No, 3 {(Ni-9Cr-6Al). Figs. 9a, b, and ¢ show metallographic cross
sections of this slloy reacted for 50 hrs, in air at 900, 1100, and 1200 °c,
respectively.

In the X-ray diffraction studies on the surface only a&-Aleo3 could be
identified and the amount of a'--A1203 increases with increasing temperature,
The preferential oxidation of aluminium was further illustrated by concen=-
tration profiles shown in Figs. lOa-c. Corresponding X-ray ilmages of

aluminium are shown in the same figures. They illustrate only a amall
enrichment of aluminium in the oxide scale at 900 °c and a porous (Z-MQO:li
layer at 1100 %C and a compact a~A1203 layer at 1200 °C. The concentration
profiles of aluminiumt show a similar behaviour. At 1200 °C the aluminium
concentration increases to a high sharp peak in the oxide scale. The
concentration profiles for chromium show a decrease in the oxide seale for
specimens reacted at 900 and 1200 oC. but at 1100 °C the chromium shows a

small increase.

>



Fig. 8. Metallographic cross section of alloy No. 2 (Ni-14.4Cr-6.4A1)
reacted in oxygen at 1 atm. pressure, etched. Reacted for
~ 48 hrs. at 1000 ©C. 500 x.
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— Al enriched

a) Reacted at 900 °c. 500 x.

¢) Reacted at 1200 °c. 500 x.

Fig. 9. Metallographic cross section of alloy No. 3 (Ni-9.3Cr-5.8Al)
reacted for ~ 50 hrs. in air at 1 atm. pressure, unetched.
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Fig. 10.

Electron microprobe scans and aluminium X-ray images on metallo-
graphic cross-sections of alloy No. 3 (Ni-9.3Cr-5.8Al) specimens
oxidized in 1 atm. air,(a) reacted at 900 °C, (b) reacted at
1100 °C, and (c) reacted at 1200 °C.
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Alloy No. 4 (Ri-8Cr-3Al). The general features of the microstructure of
reacted specimens of this alloy are shown in Fig, lla and b, The specimens
were reacted for about 50 hrs. in air at 900 and 1300 0C, respectively.
The oxlde scale formed at Q00 % consists of an outer layer which was
identified as Ni10 and an internal oxidation zone of Qs-Aleo3 and Cr203.
The matrix in this internal zone probably consists of nickel or NiO,

In going from 900 to 1300 oC, the oxidation mechanlsm changes. The
thickness of the internal oxidation zone decreases and at 1306 °C it is
absent, This latter feature is 1llustrated in Fig. 1lb. At 1300 °C the

oxide scale 1s triple-layered, consisting of an outer NiO-layer, an inner

layer where a—AlEO3 predominates, and a middle zone where Cr203 seems to

be the main reaction product. This clearly shows a tendency towards increas=~

ing selective oxidation of aluminium with increasing temperature. It may

also be noted that the area between the NiQ and Cr203 layer contains cavities.,
The microprobe scans on the same alloy specimens are shown in Flg. 12a

and b, respectively. The distribution of the elements illustrated by the

concentration proflles confirm the above discussed results. In addition

it may be noted that the oxygen concentration shows a maximum at the inter-

face between the outer layer and the internal oxidation zone and then

decreases rapidly in the intermal oxidation zone.

Alloy No. 5 (Ni-7Cr-0OAl). Fige. 13 refers to a specimen reacted at 1000 °c

for 50 hrs. in oxygen at 1 atm,. pressure and shows the general feature of

the microstructure of this alloy. The precipitation free zone at the sur-
face and on both sides of a grain boundary should be noted. The X«ray
diffraction analysis shows 0&-1\1203 to be the main oxide in the scale,
Results obtained by mlcroanalyses on oxidized specimens show a high concen-
tration of aluminium in the oxide scale and in the grain boundaries., The
precipitation free zones are enriched in chromium, and the nickel-concentra-
tion 1s approximately constant, These results are 1llustrated and confirmed

in the X~-ray images shown in Figs, 14 a-c.

Alloy No. 6 (Ni-4Cr-6Al)., Examples of metallographic cross sections of
reacted specimens are shown in Fig. 15 a and b which refer to specimens reacted
for ~ 50 hrs, at 900 and 1200 °C, respectively. At 900°C the oxide scale

17
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Fig. 11. Metallographic cross section of alloy No. 4 (Ni-8.2Cr-2.5A1)
reacted for ~ 50 hrs. in air at 1 atm. pressure, unetched.
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Mg. 12. Results of microprobe scans on metallographic cross section of
alloy No. 4 (Ni-8.2Cr-2.5Al) reacted in air at 1 atm. pressure.
(a) Reacted for ~ 50 hrs, at 900 °C, (b) reacted for ~ 50 hrs,
at 1300 ©cC,
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Pig. 13. Metallographic cross section of alloy No. 5 (Ni-7.1Cr-9.1Al)
reacted at 1000 °C for ~ 50 hrs. in oxygen at 1 atm. pressure.
500 x.
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(a) X-ray image of Nickel. 500 x.

(b) Xeray image of Chromium. 500 x.

(¢) Xe-ray image of Aluminium. 500 x.

Fig. 14, X-ray images of metallographic cross section of alloy No. 5
(Ni-7.1Cr-9.1A1) reacted at 1000 °C for ~ 50 hrs. in oxygen
at 1 atm., pressure.

21



(a) Reacted at 900 °c. 500 x.

CX—I\].2O3

{

_.-;-:-_'“-":-{..;‘.r.l?‘-l 1

(b) Reacted at 1200 °c. 500 x.

Fig. 15. Metallographic cross section of alloy No. 6 (Ni-3.8Cr-6,0Al)
reacted for ~50 hrs., in air at 1 atm. pressure.
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consists of a compact outer oxide layer, identifled as NiO, and an

internal oxidation zone with Ot-A1203 and craoj as the main products..

At higher temperature the oxidation mechanism differs from that at 900 °C.
As shown in Fig. 15 b, the internmal oxidation zone is absent, and the outer
layer consists mainly of a-Aleoj. The concentration proflles shown in

Fig. 16 illustrate the distribution of the elements in the oxide layers,
and these results agree well with the results of the X-ray anslyses.

3.2 Effect of Oxygen Pressure on the Oxidation of Alloy No. 3.

3.2,1 Reaction rate measurements., Oxidation of alloy No, 3 (Ni=-8.7Cr=5.84l1)
was also studied at oxygen pressures of 10 and 1 torr. Results of these

studies are presented in Figs. 17-19.

Figs. 1T and 18 show parabolic plots of the oxidation at 10 and 1 torr,
respectively. At 1 torr the oxidation is approximately parabollc at all
temperatures, but at 10 torr marked deviations from this behaviour is
observed.

Figs. 19 a and b show the oxidation at different oxygen pressures at
1000 and 1200 °C, respectively. The oxygen pressure dependence 1s most
pronounced at 1200 °c.

3.2.2 Examination of reacted specimens. X-ray examinations of the oxide
scales show that these consist of a-AIEO}, NiO, and Creoj, and the rela=-
tive amounts of these vary with temperature and oxygen pressure.

After reaction at 10 torr 02 it is found that NiQO, CPEO » and a-A1203

are the main oxides at 1000 oC, while aa--Al?O3 predominates at 1200 °C.

Flg. 20 shows a metallographlc cross section and X-ray images of the

different elements of a specimen reacted at 1000 oC and 10 torr 02. These
data reveal an enrichment of aluminium and chromium in the oxide scale.

Fig. 21 shows the distribution of the different elements for specimens
reacted at 1000 °C and at 1 atm., 10, and 1 torr 02, respectively. At 1 atm.
and 1 torr 02 aluminium is markedly enriched in the scale, while at 10 torr
nickel and chromium are enriched next to the surface and aluminium next to the
alleoy substrate,

At 1 torr O, a-Al 03 15 the main reaction product at both 1000 °C and

2 2
1200 °c.
23
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(a)

(b) (d) Chromium

(e¢) Nickel (e) Aluminium

Fig. 20, Light microscope (a), electron optical (b), and X-ray images (c-e)
of metallographic cross sections of alloy No. 3 (Ni-8.7Cr-5.8A1)
reacted for 45 hrs. at 1000 ©°C in 10 torr oxygen. 1000 x.
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3.3  Studies of Thin Oxide Films.

The oxide films formed during initial oxidation ( < 15 min) of alloy
No. 3 (Ni-8.6Cr-5.8BA1) was studied by means of electron diffraction
and microscopy. The results reveal very heterogeneous oxide films both
&8s regards the oxide composition and shapes of the crystals.

After reaction for 15 min. at 900 oC the oxide film consists of two
main layers: an outer layer of Ni0O and an inner layer consisting of
spinel N1A1204 (2 = B.04K) and small amounts of 7-A1203. Regularly
formed particles of Cr203 and rodlike particles of an unidentified tetragonal
phase with lattice parameters a = 7.59A and ¢ = 2.828 are observed next to
the boundary between the outer and the inner layers. After reaction for
8-10 min. at 1200 °C the film may also be considered to consist of two main
layers., The outer leayer consists of Ni0O and traces of spinel crystallites
(~ 400A, lattice parameter ~8.258). Small cracks in the layer also
contained CrEO3 and a-A120 + The inner layer contains crystals of various
shapes and sizes. The larger crystals had a tetragonsl structure with axis
a = 6,764 and ¢ = 6.954. This compound has not as yet been further identi~
fied.

4.  DISCUSSION

The different nickel«chromium=aluminium alloys studied in this investi~
gation have good or excellent oxidation resistance. Generally the alloy with
the approximate composition Ni-QCr-6Al shows the best oxidation characteris-
ties. At 1000 °C its oxidation rate is of the same order as that of Nichrome,
and at 1200 °C the rate 1s appreciably smaller.

The oxidation behaviour of the alloys 1s complex. The oxide scale may
be single, double, or triple layered, and in cases appreciable internal
oxidation takes place. The oxides formed in the oxidation comprise NiO,
Cr203, A120 s and tke spinels NiAlaou and Ni(Cr,Al)eou. The relative
smounts of these or whether they are present in the scales is a funetion
of alloy composition, temperature, partial pressure of oxygen, and elapsed

time of reaction.

3l



The oxldation kinetles show a protective behaviour. However, the
overall oxidation can generally not be described in terms of ideal para-
bolic behaviour, although the oxidation in cases or over limited periods
of time may be described as approximately parabolic. A common feature under
many conditions is that the oxidation rate decreases faster than that of
parabolic behaviour.

The protective behaviour clearly shows that the overall oxldation is
s0lid state diffusion contreolled. The marked deviation from ideal parabolic
behaviocur is in no way unexpected in view of changes in overall oxide
composition and the parabolic occurrence of solid statc reactions between
the oxides durlng oxidation. In view of thils complexity detailed interpre-
tations of the kinetics and the oxidation mechanism do not appear Justified
at this stage. More general and qualitative considerations will be given
in the following.

.1 Temperature dependence.

A general feature of the temperature dependence of the alloys 1s
that the oxidation goes through a maximum in the temperature range 900-1300 °c.
This is a result of a gradual change in the oxidation mechanism which in its
main feature involves an increasingly preferential and selective oxidation
of the aluminium-content in the alloy with increasing temperature. This
results in oxide scales increasingly enriched in ahAlEO ,» and after extended
oxidation at 1200 °C oxide scales generally consist o&f a»AlEOB. Due to the
excellent protective properties of this oxide phase, the oxidation results
in the observed irregular temperature dependence. These features are, for
instance, illustrated in Fig. 10 (which shows microprobe scans and aluminium
X-ray images on metallographic cross sections of Ni-9Cr-6Al specimens oxidized
at 900, 1100, and 1200 °¢).

4,2 Effects of aluminium and chromium contents.

Variations in the total amount of chromium and aluminium and the relative
amounts of these greatly affect the oxidation behaviour. These effects are
particularly marked at 900-110C0 oC as at higher temperatures aluminium tends

e



to be selectively oxldized in all the alloys.

As described above the Ni-9Cr-6Al alloy exhibits the best overall
oxidation resistence, and the primary reason for this is that the oxide
onn this alloy mainly consists of a-A1203 st all temperatures after
extended oxidation.

As Gp-AleO3 is the most stable oxide which may be formed in oxidation

of the different alloy components, the preferential or selective oxidation
of aluminium will inhibit or prevent internal oxidation of the alloy. In
the Ni-9Cr-6Al alloy internal oxidation zones are also small or absent.

Alloys No. 2 (Ni-14Cr=-6Al) and No. 6 (Ni-4Cr-6Al) contain the same
amount of aluminium as No. 3, but the chromium=contents is either higher
or lower. In oxidation of these alloys at 1200 °c for extended perlods
of time, formation of a—A1203 predominates, and there is no significant
difference compared to the Ni-9Cr-6Al alloy. However, in oxidation at
900-1000 °C the oxlde scales consist to a large extent of Ni0Q and simultane=
onsly internal oxidation of chromium and aluminium takes place.

Whether internal oxidation or selective coxidation of the least noble
alleoying elements take place is determined by transport properties through
the oxide scale and the relative rates of diffusion of oxygen and the alloy
components 1n the alloy phase. The tendency for a more selectlve oxldatlon
of aluminium in the Ni-9Cr=-6Al alloy compared to that of alloys No. 2 and &
therefore probably means that the aluminium and/or oxygen diffusion in the
alloy phase is a function of alloy composition, and that aluminium-~diffusion
in the Ni-9Cr-6Al alloy, for instance, is faster than in alloys with higher
or lower chromium~content. A factor to be considered in this connection is
that the Ni«9Cr-6A1 alloy has an aluminiume-content which exceed that for

11) However, a detalled interpretation must awalt

precipitations of NijAl.
results of studies of diffusion rates in the allcoy system.

Alloy No. 4 {Ni-8Cr-3Al) also exhibits internal oxidation, and in this
the aluminium-concentration is probably not sufficiently high for selective

oxidation of aluminium.

35



4.3 Composition of Oxide Scale as a Function of Time.

When cne compares the composition of the surface oxide formed after
an initial oxidation (~ 10 min) and after extended oxidation (~50-100 hrs.)
it can be concluded that important changes take place in the compogition as
a function of time. An important difference is that after initial oxidation
of the Ni-9Cr-6Al alloy at 1200 °C the oxide film consists of an outer NiO
layer and spinel crystallites, while after extended oxidation the oxide scale
predominantly consists of a—A120 « During the initial oxidation all the
alloy components are thus ¢xidlzed, but gradually a compact protective
layer of a-A1203 is built up. The outer NiC layer may possibly disappear
through direct evaporation or through displacement reactions between
aluminium and chromium and NiO.le'lj)
decompose to Al?_O3 by the same mechanism.

The spinel crystallites may also

4.4 Effect of Oxygen Pressure,

The partial pressure of oxygen affects the oxidation behaviour of the
Ni=9Cr=-6A1 alloy. The effect is most marked at 1200 °C, but the changes
in oxidation rates do not show large differences,

One would generally expect an increasingly selective oxidation of
aluminium decreasing partial pressure of oxygenh and wlih that an lncreased
oxidation resistance. The results Iindicate a larger relative amount of
Ni0 and Cr203 in the scale after oxidation at 10 torr than at 1 atm. 02.
This result can not readily be explained. It could possibly reflect minor
variations in the composition of the specimens, edge effects, or differences

in pretreatment.

4,5 Concluding HRemarks.,

This study shows that excellent oxidation resistance at temperature may
be achieved in nickel-chromium alloys with reduced chromium-content. When
considering the possible use of an alloy such as Ni-9Cr-6Al as constructional
material it must, however, be concluded from an oxidation point of view that
a main disadvantage is the poor adherence of the oxide scale after cooling.
As a further development it 1s therefore important to improve the adherence
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of the scaleg without deleterious effects on the oxidation behaviocur at
temperature.

This may possibly be achieved through minor additions of such metals
as manganese, titanium, yttrium and rare earth metals.

All in all, alloy oxidation thecries suffer from a lack of basic
understanding of properties of oxide scales and diffusion characteristics,
knowledge of solid state reactions, and alloy chemistry. Such studies
are needed in future development work.
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PART II - EFFECT OF TITANIUM AND TITANIUM PLUS SAMARIUM ADDITIONS
ON THE HIGH TEMPERATURE OXIDATION OF Ni=-GCr=HAl

1. INTRODUCTION

As discussed in Part I it is of interest to study the effect of small
alloy additions on the oxidation behaviour of nickel-chromium-aluminium
base alloys, In the following the oxidation of Ni-9Cr-5Al alloys with
additions of 2 w/o titanium and 2 w/o titanium + 0,1 w/o samarium, respec-
tively, is described.

2. MATERIALS AND METHODS

The composition of each alloy (Nos. 7 and 8) 1s given in Table I.

The alloys were prepared in argon atmosphere (~s 0.5 atm, pressure) in
an induction furnace and cast. The cast alloys were cut directly to rec-
tangular oxidation test specimens by means of spark erroslon machining.
Before oxidation the specimens were vacuum annealed at 1000 °c for about
1l hr., Methods for studying the oxidation behaviour are described in Part I,

3. EXPERIMENTAL RESULTS

3.1 Reaction Rate Measurements.

The oxidation was performed in flowing air (1 1/min) and oxygen at a
pressure of 1 atm. Weight gain data cbtained at 900, 1000, and 1200 °C are
given in Fig, 22-24, The results are presented in linear plots.

It may be noted that the titanium-modifled alloy oxldizes relatlvely
rapidly at 900 °C and under this condition faster than at 1000 and 1200 °C,
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The weight gain results of the titanium + samarium modified alloy show
a regular temperature dependence. The weight gain curves indicates =
rapld oxidation during the initial stage, after which the reaction decreases
rapidly with time,

Under some conditions, the oxidation of the modified alloys results in
marked oxide spallation and evaporation of oxides. The former is for
instance illustrated by the abrupt changes on the weight gain curve for
1200 °C in Pig. 23 for the titanium+samarium modified alloy. Evaporation
of oxldes is specifically observed for the titanium modified alloy after
~ 30 hrs. reaction at 1300 °c as 1llustrated in Flg. 22,

The kinetics are difficult to describe in terms of classical rate
equations,

3.2 Examinations of Reacted Specimens.

The oxide scales on the titanjum-modified alloy were generally loosely
adherent and in most cases the scale exfollated either during cooling or
after taking the specimen out of the furnace. The exfoliated oxide from
a apecimen reacted at 1000 oC for 50 hrs. consisted mainly of a-AlEO .

Ni0 is found as the main oxide remaining on the alloy surface. After more
extended reaction NiQO and (','rao:5 became the predominant oxides. There were
also traces of a spinel with an axis of 8.25 A which may indicate the
presence of NiCraou with aluminium or titanium in solid solution. The
exfoliated oxide at 1300 oC consisted mainly of C!-A1203 and a spinel. The
axis of the spinel was 8.04% which suggests the presence of N1A1204.

Characteristic features of the alloy with eddition of titanium + samarium
are illustrated in the metallographic cross section shown in Fig. 25 a-b which
refer to specimen reacted at 1000 oC in oxygen and flowing air at atmospheric
pressure, respectively. No penetration of oxide along the grain boundary
oceurs in the alloy, but the precipitation free zone beneath the oxide/alloy
interface may be noted. The thickness of the zone appears to be smaller on
specimens reacted in flowing alr. The scales adhered to the alloy substrate.

After extended oxidetion in air or oxygen comparatively large amounts

of NiO and Cr203 were identified in the outer layer.
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(a) Reacted for 52.5 hrs. in 1 atm. oxygen
at 1000 ©°c. 500 x.

(b) Reacted for 49.5 hrs. in 1 atm. flowing
air (1 1/min at 1000 °c). 500 x.

Fig. 25. Metallographic cross section of alloy No. 8 (Ni-8.6Cr-5.3A1-2,0Ti-0.15m),
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The distribution of the elements in the oxides is illustrated in
the X-ray images shown in Fig. 26, which refer to a titanium + samarium
modified specimen reacted for 52.3 hrs. at 1000 °¢ in oxygen. After the
microprobe runs, the oxide scale on the specimen was partly ground down
and rechecked by Xeray diffractton. 'The oxide phases TiO2 and A1203 were
identified. PFrom these results the oxide scale appears to consist of
different layers conteining different elements. The surface layer is
enriched in nickel, the layer beneath in chromium, then comes another
nickel~enriched layer, which 1s followed by a layer enriched in titanium
and aluminium to the alloy. The electron optical image 1s also included
in Fig. 26.

The distribution of elements in the oxide scale for specimens reacted
53 hrs. et 1200 °C in air was the same as for 1000 °C.

4,  DISCUSSION

The additions of titanium and of titanium + samarium result in a more
complex oxidatlon behaviour than that observed in the nickel=chromiume
aluminium base alloy. The number of oxide phases in the scale is increased
and includes T102. The tendency for selective oxidation of aluminium is
also decreased.

Generally it may be concluded that the titanium addition does not improve
the oxidation characteristics of the nickel-chromium-aluminium base alloy,
and at 900 °c it even has a marked deleterious effect on the oxidation
rate. The detalled reasons for this behaviour is not understood, but
generally it is 1o be expected that the presence of TiO2 will not add to
the oxidation resistance of the scale.

It appears that the addition of Sm improves the oxide adherence, but the
mechanism for this can not be ascertailned. As to the effects of other rare
earth metals, more detailed studies of the effects of yttrium on the

oxidation behavicur are reported in Part IV of this report.
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(2) FElectron-optical image. 500 x. (¥) X-ray image of Nickel. 500 x.

(¢) X-ray image of Chromium. 500 x. (d) X-ray image of Aluminium. 500 x.

(e) X-ray image of Titanium. 500 x.

Fig. 26. Electron-optical and X-ray images of metallographic cross section

of alloy No. 8 (Ni-8.6Cr-5.3A1-2,0Ti-0.1Sm). Reacted for 52.5 hrs.
at 1000 °C in 1 atm. oxygen.
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PART III - INFLUENCE OF MANGANESE-ADDITIONS ON HIGH TEMPERATURE
OXIDATION OF SOME NICKEL-CHROMIUM AND NICKEL-CHROMIUM-
ALUMINIUM BASE ALLOYS.

1. INTRODUCTION

As mentioned in the previous parts of this report, small alloy
additions may significantly affect the oxidation behaviour of alloys.
In the following are presented results of a few studles of oxidation
of nickel-chromium and nickel-chromium-aluminium base alloys with minor

additions of manganese.

2. PREVIOUS STUDIES

30 15-17) tudted the effect of manganese and silicon-

Gulbransen et al.
additions on the oxidation behaviour of Ni-20Cr. They report that manganese
has & deleterious effect on the oxidation resistance, while silicon improves
the oxidation characteristics and service 1life of this type of alloys.
Hessenbruch 18) similarly reports that a few tenths of a percent of manganese
significantly lowers the heat resistance, but larger manganese-additions
have less effect. Antill et 81.19) have recently shown that 0.65 w/o
manganege addition to Pe-20Cr-25Ni-Nb stainless steel does not significantly

influence the long term oxidation.

3« MATERIALS AND METHODS

3.1 Materials

Induction melted nickel-chromium-manganese and nickel-chromium=aluminium-
manganese alloys were used in the studies. The chemical analyses of the
alloys are given in Table I, (alloys Nos, 9-13).
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The cast alloys were cut directly to oxidation teast specimens by means
of spark errosion machining. The total surface area was about 2.2 cm2.
Before oxidation the specimens were washed in acetone and vacuum annealed

for 1 hr. at 1000 °c.

Ze2 Methods.

The oxidation behaviour was studied through thermogravimetric measure-
ments of oxidatlon rates and characterization of oxldized specimens by
means of metallographic techniques, X-ray diffraction, electron microscopy
and diffraction, and electron microprobe analyslis. The methods have been
described in more detail in Part I.

4,  EXPERIMENTAL RESULTS

4,1 Thermogravimetric Measurements.

The specimens were oxldized for 50 hrs. in 1 atm. O, in the temperature

range 800-1200 ®c. The results are presented in Figs.227-31.

Generally the alloys show protective behaviour. The oxidation can as a
rule not be described In terms of an ldeal parabolic behaviocur. It may be
noted that alloy No. 12 (Ni-5.6Cr-5.5A1-1.2Mn) exhibited weight loss after
more extended reaction at 1200 0C. This may be due to oxide evaporation.

The two nickel-chromium-manganese alloys (Nos. 9 and 11) show very rapid

oxidation rates compared to nickel-chromium-aluminium-manganese alloys.

4,1.1 Effect of oxygen pressure on oxidation rate. Oxidation of alloy No.
11 (Ni1-8.5Cr-6Al-1.1Mn) was also studied at 10 and 1 torr 0.
at 1 atm., 10 and 1 torr 02 at 1000 and 1200 °C are shown in Fig. 32. At

both temperatures the amount of oxidation decreases with decreasing oxygen

The results

Pressure.
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4.2 Characterization of Oxidized Specimens.

Nickel—chromium-mggganese alloys. The oxide scales on the two nickel-
chromium-manganese alloys (Nos. 9 and 10) have similar composition and

appearance. The scales are double~layered: an outer layer mainly consists
of Ni0 and an inner layer of Ni0 with embedded particles of NiCreou.
In addition an internal oxidation zone is formed with particles of Cr203 in
a nickel-matrix. No manganese-oxides are detected. Manganese is probably
substitutionally dissclved in the nickel-oxides.

These features are illustrated in Figs. 33-37, which show metallographic
cross sections, electron optical and X-ray images of the cross sections,
and microprobe scans on oxidized specimens of the two alloys. Manganese
1s uniformly distributed in both the scales and alloy substrates, except with

a tendency toward enrichment at the alloy/scale interface of alloy No. 9.

Nickel=-Chromium-Aluminium-Manganese alloys. These alloys show the same

main features as for the nickelechromium-aluminium alloys described in

Part T. Aluminium and chromium are enriched in the scale, and preferential
oxidation of aluminium to A1203 increases with increasing temperature and
decreasing oxygen pressure. Internal oxidation is either absent or present
in small amounts.

The distribution of the alloying elements as determined by electron
microprobe scan in the scale anc alloy substrate after oxidation of alloy
No. 11 (N1-8.5Cr-6Al-1.1Mn) in 1 torr O, at 800, 1000, 1200 °c is shown in
Fig. 38, From these studies and supporting X-ray diffraction and metallo-
graphic studies it is concluded that an outer layer mainly consists of NiO
after oxidation at 800 and 1000 °C, while an inner layer is enriched in
aluminium and chromium, probably as A1203, Craoj and corresponding spinels.
At 800 and 1200 °C the manganese content is distributed homogeneously
throughout the scale and alloy.

Fig. 39, which shows a metallographic cross section and electron optical
and X-ray images of the same for a specimen of alloy No. 13 (Ni-5,7Cr=5.2Al-
0.2Mn) oxidized at 1200 °C, illustrates the same features in the oxidation
behaviour. A comparison between alloys Nos. 12 and 13 (containing 0.2 and

1.2 # manganese) does not reveal any significant difference.
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(a) Reacted for 41 hrs. at 1000 °c. 500 x.

(b) Reacted for 6.5 hrs. at 1200 °. 500 x.

Fig. 33. Metallographic cross section of alloy No. 9 (Ni~8.5Cr-0.4Mn)
reacted in 1 atm. oxygen.
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(a) Electron optical image. 500 x. (b) X-ray image of Chromium. 500 x.

(¢) Xe-ray image of Nickel. 500 x. (d) X-ray image of Manganese. 500 x.

Fig., 34, Electron optical and X-ray images of metallographic cross section
of alloy No. 9 (Ni-8.5Cr-0.4Mn) reacted for 6.5 hrs. at 1200 °C
at 1 atm. oxygen.
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Fig. 36. Metallographic cross section of alloy No. 11 (Ni-4.8Cr-0.2Mn),
reacted for 45 hrs. at 1000 ©C in 1 atm. oxygen. 500 X.
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(a) Metallographic cross section. (b) Electron-optical image. 500 x.
500 x.

(¢) X-ray image of Nickel. 500 x. (d) Xeray image of Chromium. 500 x.

(e) Xe-ray image of Aluminium.
500 x.

Fig. 39. Metallographic cross section (a), electron-optical (b), and X-ray
images (c-f) of specimen of alloy No. 13 (Ni-5.7Cr=5.2A1=0.2Mn)
reacted for 47 hrs. at 1200 ©°C in 1 atm. oxygen.
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4,3 Initial Oxide Film on Alloy No. 10 (Ni-8.5Cr-6.041-1.1Mn). A speci-
men of this alloy was oxidized for 15 min, at 1200 °c in 1 atm. 02, and the
oxide film was stripped and examined by means of electron microscopy and
diffraction.

The oxide film is similar to that formed on Ni-9Cr-6Al alloys oxidized
under the same conditions. It consists of two main layers. An inner layer
consista of grains of the order 1 p in diameter which has a tetragonal
structure (see Part I). The outer layer has a non=uniform appearance. It
consists of NiQ, smaller amounts of N1A1204, a spinel with lattice parameter
a = 8.234F which may possibly reflect the presence of MnAleou, and traces
of Cr20 « The studies are still belng evaluated and will be reported in
more detall in a later report.

5.  DISCUSSION

The studies on the manganese~modified alloys have not as yet been
completed, and only the main aspects will be summarized.

The oxidation behaviour of the manganese-modified nickel-chromium-
aluminium alloys is not significantly different from that of the nickel-
chromium~aluminium alloys (Part I). The Ni-8.5Cr-6Al1 base composition
exhibits the best oxidation resistance. Partial spallstion of the oxide
occurs during cooling, and from this point of view the manganese-additions
are not expected to increase the service life of the alloys.



PART IV - EFFECTS OF YTTRIUM ADDITIONS ON THE OXIDATION BEHAVIOUR OF
NICKEL~CHROMIUM~-ALUMINIUM BASE ALLOYS AT HIGH TEMPERATURES

1. INTRODUCTION

It has been known for many years that minor additions of the rate earth
metals (cerium, yttrium), calecium, and others improve the oxidation resist-

8, 16; 20-27) There is a gene!‘&l

ance of iron and nickel base alloys.
agreement that one of the main advantages of addition of reactive elements
is to improve the oxide scale adherence. However, there is no unegquivocal
explanation for this effect. Wenderottao) has discussed most of the various
hypotheses presented. Seyboltel) has later proposed that internally dis-
persed oxides act as sinks for vacancles, and thus prevent void formation
at the alloys/oxide interface. Some of the mechanisms proposed can be

generalized and listed as follows:

1. "Blocking” of diffusion within the oxide scale due to the high
ionic volume of the rare earth metal ions.

2. Formation of an oxide of the reactive metal at the oxide metal
interface. '

B Higher diffusion of desirable elements by changing the proper-~

ties of the base metal (alloy) as for example by expanding the
lattice by addition of elements with large atomic volume.

4, Increase irregularity at the interface between the alloy and its
protective scale resulting in a "key-on" of the oxide layer.

5. The ability of internal oxide particles on the alleoy itself to
absorb inwardly flowlng vacancles, and then prevent void for-
mation at the alloy/oxide interface.

0)

The specific effects of yttrium or Y203 on nicke12 » chromiumEl)

and
¥
nickel=-base super alloys oxidations) have been described. One of the main
beneficial effects of yttrium-addition to nickel-base alloys is to improve
scale adherence.a) It may be ncted that yttrium-additions to unalloyed

nickel does not improve the oxidation characteristiea of nicke1.28)
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Yetrium-additions to chromium did not result in any change in the
parabolic rate constant up to 1100 oC, but improved scale adherence
was observed.eg) It has been proposed that additions of Y203 to
chromium will decrease the oxidation rate through formation of & double
oxide (YCrOB) layer, which decreases the diffusion through the growing
scale.e)
As part of this study of the oxidation behaviour of nickel-chromium-
aluminium alloys, effects of small additions of yttrium were studied in

the temperature range 800-1200 °c.
Ee EXPERIMENTAL METHODS

2.1 Materials.

The alloys were melted in a sintered alumina crucible in an induction
furnace and casted. Prior to the melting process, the furnace was
5 torr and filled with purified argon to 0.5 atm. The
compositions of the alloys are summarized in Table I, (alloy Nos. 14-17,20),

evacuated to 10

The test specimens were cut by means of spark errosion machining from
the cast alloys. Prior to oxidation the specimens were cleaned in acetone
and vacuum annealed for 1 hr. at 1000 °C.

The distribution of yttrium in some of the alloys was checked with auto=-
radiographic techniques. Yitrium was homogeneously distributed in the
cross section normal to the cast bars, but showed a slight concentration
gradient from the top to the bottom of the bars.

2,2 Methods.,

Rates of oxidation were studied by thermogravimetry and the oxidized
specimens were identified and characterized by means of metallographic
techniques, Xeray diffracticn, electron microscopy and diffraction, and
electron probe microanalysis. A more detalled description of the methods
ia given in Part I.



3+ EXPERIMENTAL RESULTS

3.1 Thermogravimetric Studies.

Oxidation of yttrium modified nickel-chromiumealuminium alloys was
studied over the temperature range of 800-1200 °c.

Results of the thermogravimetric rate measurements in 1 atm. Q. are

presented in Figs. 4044, where the welght gains of the specimensain
mg/cmg are plotted as a function of time in hrs. The weight gains were
evaluated from the geometrical surfaces of the unoxidized samples.
All the alloys show protective behaviour, but the kineties can not be
interpreted in terms of i1desl rate equations.

Figs. 45 and 46 show the effeet of oxygen pressure on the oxidation of
alloys No. 15 and 16 at 1000 %c. Both alloys show an unusual behaviour
in that the oxidation is faster at 10 torr than at 1 atm. and 1 torr 02.

3.2 Examinations of Oxidized Specimens.

3.2.1 Distribution of alloy components in unreacted specimens, For com-

parative purposes the distribution of the alloy components was examined

in unreacted specimens. In the alloys with yttrium=-content less than 0.1 %
{alloys Nos. 1% and 20) the yttrium-distribution could not be determined

by means of microprobe measurements. But in the alloys with yttrium-content
Z 0.3 & the distribution was clearly revealed. An example of this is shown
in Fig. 47, which shows a light microscope cross section and X-ray images of
alloy No. 17 (Ni-8.7Cr-6.3A1-0.75Y) in the as cast condition. The results
show that yttrium is enriched in the graln boundaries. Similar results

were found for alloys Nos, 15 and 16,

3.2.2 Composition of oxide scales. Table 1I summarizes the oxide phases
identified in the scales on the different alloys oxidized for periods longer
than 20 hrs. Generally all the alloys show the same general tendency as
observed in oxidation of the nickel~chromium=aluminium alloys (Part I) in
that N0 is an important reaction product at 800 °C and that selective

oxidation of aluminium to A1203 becomes increasingly important with increasing

temperature,
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The effect of oxygen pressure on oxidation of alloy No. 16
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Fig. 47. Light microscope (a), and X-ray images (b-e) of alloy No., 17
(N1-8,7Cr=-6.3A1-0.75Y), as cast.
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J.2.3 Microstructure of oxidized specimens. The alloys with yttrium-
content Z20.1 % (alloys Nos. 14 and 20) did not show significant differ-

ences in appearance after oxidation compared to nickel~chromium~aluminium

alloys. X~ray images from cross sections of alloy No. 20 showed a homogene-~
ous distribution of yttrium.

In the 3 other alloys with yttrium-content £0.3 % yttrium is enriched
in the grain boundaries similar to that found in the as cast specimens.
Various examples of this feature are shown in the following illustrations.

Fig. 48 shows a light microscope picture and X-ray images of a metallo-
graphic cross section of a specimen of alloy No. 15 (Ni-2.6Cr-6.4A1-0,3Y)
oxidized for 51 hrs. at 1000 °C in 10 torr 02. The thin oxide layer mainly
consists of a~A1203 and marked preferential oxidation of the grain boundary
is observed. Fig. 49 shows an electron microprobe scan on a metallographic
cross section of a specimen from the same alloy oxidized for 24 hrs. at
1 torr 02. The preferential oxidation of aluminium is clearly 1llustrated.
The scan shows the composition of the grain boundary areas of the alloys.
Yttrium and nickel are enriched in the middle part of the grain boundary
region, while aluminium is enriched in neighbouring areas., This suggests
that yttrium and nickel form an intermetallic compound.

A light microscope picture and X-ray images of a metallographlc cross
section of a specimen of alloy No. 17 (Ni-B.7Cr-6.3A1-0,75Y) reacted for
20.5 hrs., at 1000 °c in 10 torr 02 are shown in Fig. hO. The same general
features are observed as for alloy No. 15: aluminium is preferentially
oxidized and marked attack of grain boundaries near the alloy substrate
surface is observed. Yttrium is concentrated at grain boundaries in the
alloy.

Corresponding light microscope and X-ray images of a specimen of alloy
No., 16 (Ni-8,6Cr-5,6A1-1,5Y-4,5Nb~1,2Mn-0,4551) oxidized for 47.5 hrs. at
1200 °C in 10 torr 0, are given in Fig. 51. Again yttrium is concentrated
at grain boundaries; aluminium is preferentially oxidized particularly in
grain areas next to the alloy substrate surface. This alloy also contains
silicon, and 1t is noteworthy that this alloy component is concentrated
next to the alloy surface where it is probably preferentially oxidized.

T0



(a)

Fig. 48. Light microscope picture (a) and X-ray (b-e) images of metallo-
graphic oross section of alloy No. 5 (Ni-2,6Cr-6.4A1~0.3Y) reacted
for 51 hrs. at 1000 °C in 10 torr oxygen.
500 Xeo
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(a)

Fig. 50. Light microprobe picture (a) and X-ray images (b-e) of metallo-
graphic cross section of alloy No. 17 (Ni-8.7Cr-6.3Al=0.75Y)
reacted for 20 1/2 hrs. at 1000 °C in 10 torr oxygen. 500 x.
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(a) Metallographic cross section. (b) X-ray image of Nickel. 500 x.
500 x.

(¢) X-ray image of Aluminium. (d) Xe-ray image of Chromium. 500 x.
500 x.

Fig. 51. Light microscope picture and X-ray images of metallographic
cross section of specimen of alloy No. 16 (Ni-8.6Cr-5.6A1-
1.5Y=-4,5Nb-1.2Mn-0,4551) oxidized for 47.5 hrs. at 1200 OC

in 10 torr 02.
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(e) X-ray image of Yttrium. 500 x. (f) X-ray image of Silicon. 500 x.

(g) X-ray image of Manganese., 500 x. (h) X-ray image of Niobium. 500 x.

Fig. 51. Light microscope picture and X-ray 1images of metallographic cross
section of specimen of alloy No. 16 (Ni-8.6Cr-5.6Al=l.5Y=-4,5Nb-
1.2Mn-0.45S1) oxidized for 47.5 hrs. at 1200 °C in 10 torr 0,.
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3.,2.4% Electron diffraction and transmission electron microscope studies,

Such studles were made on thin oxide layers formed on alloys Nos. 15 and
20.

The studies on alloy No. 15 were made on the oxide scale formed on a
specimen oxidized for 15 min. at 900 °c in 1 atm. 02. The results are
illustrated on Fig. 52 and suggest that the scale consists of two layers
separated by a middle zone. The inner layer (marked A) has a thickness
of about 3000 and consists of the spinel N1AL,0, and traces of 7-A1203.
The outer layer (C) is of the order 10004 and consists of Ni0O. The middle
zone consists of thin plates (B) of an unidentified phase which was only
found in the scale of the yttrium modified alloys. a'a-Aleo3 particles were
also found in the middle zone and Cr203 is also probably present in this
zone.

The studies on alloy No. 20 were made on a specimen oxidized for
46 hrs at 800 °C in 1 atm. 02. An electron transmission pieture of
the scale is shown in Fig. 53. An outer layer consists of Ni0 (A-poly-
erystalline NiO; Bw~ordered NiO-layer), an inner layer (D) consists of
N1AL,0, and traces of 7-A1203, and a thin (< 10004) middle zone consists
of the same unidentified oxlde phase as described in Fig. 52. No oxides
of chromium, niobium, silicon, and magnanese could be identified in the

scale.

4,  DISCUSSION AND SUMMARY

The Y~modified nickel-chromium-aluminium alloys generally show many of
the same general features as that of the nickel-chromium-aluminium alloys:
the oxidation is protective and the main reaction products are the same,
However, as regards the details of the reaction behaviour differences are
observed and generally the oxide scales on yttrium-modified alloys have a

better oxide adherence on cooling to room temperature.
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Fig. 52a. Transmission electron microscope picture of oxide layer
formed on alloy No. 15 (Ni-2.6Cr-6.4A1-0.3Y) oxidized for

15 min. at 900 °C in 1 atm. 02. 36000 x,
A. NiAl20

B. Uniden%ified oxide phase

C' Nio

Fig. 52 b. Electron diffraction pattern of the unidentified phase B on
FMg. 52 a. The reflections from B are marked x.
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Fig. 53.

Transmission electron microscope picture of oxide scale formed
on specimen of alloy No. 20 (Ni-8.0Cr-6,2A1-0.1Y=3.2Nb-l.4Mn-0.5S1)
oxidized for 15 min. at 900 “C in 1 atm. O,. 36000 x.

2
A. Polyerystalline NiO
B. Ordered NiO
Ce Unidentified oxide phase
D. Ni-Alaou.
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Any specific effects of small yttrium-additions (£ 0.1 %) are difficult
to ascertain because of the experimental difficulty in analyzing and
detecting yttrium at these concentration levels. Larger yttrium-additions,
however, have a marked effect on the microstructure of the alloy and the
detailed reaction characteristies. Yttrium is at these levels enriched at
grain boundaries most probably through the formatlon of a nickel=yttrium
intermetallie compound. These alloys further show 2 marked and preferential
oxidation of the grain boundaries next to the alloy substraie surface. The
preferential grain houndary oxidation involves preferential oxidation of
aluminium and in all probability also yttrium. This reaction behaviour
leads to a surface scale and preferential grain boundary attack beneath
the scale (Figs. 49-51)., Judging from these results a not improbable inter-
pretation for the increased adherence of the scale is a "key-on" effect due
to the irregularity in the interface between the oxide and alloy. This
effect may also possibly extend to low concentration of yttrium, but this must
be confirmed by additional studies.

A notable result of these studies 1s the excellent oxidation resiastance
of alloy No. 15 which only contains 2.6 % chromium., FPurther studies of
such alloys with low chromium-content would be of interest.

It may also be noticed that in alloy No. 16 there is a marked selective
oxidation of silicon in addition to that of aluminium,

The detalled oxidation mechanism of these types of alloye is complicated
and involves selective oxidation of one or more of the alloying components,
and in addition solid state reactions take place between oxide phases in
the scale. For this reason the composition and the oxide phases. present
in the scale may as a rule change with temperature, oxygen pressure, and
elapsed time of oxidation. Considerable further studies are needed to
optimize the compositions of superalloys to yleld the best combination of
properties both as to mechanical and oxidation properties.
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