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A1203 ADHERENCE ON CoCrAl ALLOYS

Lori McConnell Kingsley
Material Science and Mineral Engineering

Lawrence Berkeley Laboratory, University of California
Berkeley, California 94720

ABSTRACT

Adherence of protective oxides on NiCrAl and CoCrAl superalloys
has been promoted by a dispersion of a highly oxygen reactive element
or its oxide being produced within the protection system. Two aspects
of this subject are investigated here: 1) the use of 1\1203 as both
the dispersion and protective oxide; and 2) the production of an
!lfoz dispersion while simultaneously aluminizing the alloy.

It was found that 1) an A1203 dispersion will act to promote
the adherence of an external scale of A1203 to a degree comparable to
previously tested dispersions and 2) an l-lfoz dispersion comparable
to that produced by a "Rhines pack" treatment is produced during

aluminization.
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INTRODUCTION

In the use of gas turbines the greatest efficiency can be ob-
tained using high turbine entry temperatures and high compression
ratios. The materials developed to withstand high temperatures and
high compression ratios without losing their strength are referred to
as "'superalloys."

The "superalloys" do, however, have limitations. They are de-
graded at these high operating temperatures by creep, mechanical
fatigue and oxidation. Much work has been done to develop materials
for which corrosion and oxidation are controlled to the point where the

life of the turbine parts is limited only by creep and fatigue.

Superalloys

The superalloys used in the blades of a turbine are nickel- and
cobalt-based. The lighter nickel alloys are most appropriate for the
rotor blades, which see somewhat lower temperatures and higher stresses.
The use of the lighter material avoids the large centrifugal forces
that would result if the rotating blades were made of the heavier cobalt
alloys. Nickel or cobalt alloys are used for the stationary vanes of
the turbine that operate at higher temperatures (by ~ 100°C) and see
lower stresses.

The cobalt-based superalloys exhibit a higher surface stability,
being more resistant to surface degradation by hot corrosion. Oxidation

is the larger problem at high temperatures, however, and the resistance



of these alloys is not as good as that of the nickel-based alloys. A
higher chromiun content in the cobalt alloys generally leads to a
better surface stability in this regard.

The higher temperature strength of the cobalt-based alloys is
obtained from éomplex refractory metal carbides.l However, the same
additions that give the superalloys their strength lower the materials’
resistance to surface degradation by oxidation, hot corrosion, and
thermal fatigue. Thus the need for the high strength with oxidation
resistance has led to the use of coatings that are applied to the part

to be used after its manufacture.

Oxidation Protection Systems

The major protection systems used for superalloys and some of
their characteristics are listed in Table I. Coatings can be used to
protect the underlying alloy from oxidation while strength is no longer
such an important factor as it is with the alloy itself. The protec-
tion systems depend upon the ability of the coating to form a slow-
growing protective oxide barrier to separate the underlying alloy from
the oxidizing environment. In order for an oxide to provide such a
barrier it must have the following characteristics:

1) 1low concentration of ionic defects
2} 1low vaporization rate

3) high melting point

4) low dissociation pressure

5) high negative frec energy of formation
(high thermodynamic stability)



Table I. Major protection systems for superalloys.

Primary
Major Major Protective
Typical Methods of Elements Protective Surface Major Physical
Class Application Applied Constituents Oxide Characteristics
Aluminide Pack cementation Al,Cr,Si Hard, brittle at
. . . . . ambient temperature
coatings Slurry + diffusion Al,Cr,S1 NiAl on A1203 becoming softer and
Electrophoresis + diffusion Al,Cr,Si nickel alloys Cr203 more ductile at
Hot dipping Al high temperature.
Chemical vapor deposition Al,Cr,Si CoAl on SiO2
Fused salt metalliding Al,Cr,Si cobalt alloys Complex
Physical vapor depcsition Al,Cr,Si spinels
Ti ,Fe,Co,Y
Metallic Isostatic hot-pressure bond Ni,Cr,Al, NiCr alloys A1203 Low strength but
, . s . . good ductility over
claddings Physical vapor deposition Fe,Si,B, NiCrAl alloys Cr203 a wide temperature
Plasma spraying Co,etc. FeCrAl alloys Sio range.
. . 2
Thermai spray + fusion CoCrAl alloys Complex
Spinels
Glass Slurry + fire Si,B, Si0 SiO2 Hard, brittle at
. . s - cnbient temperature
coatings Thermal spray Alkali silicate silicate gradually softening
Surface reaction metals, glass glass at high temperature.

Cr
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6) freedom from pores, cracks, or other short-circuit
paths

7) good adherence to the underlying metal substrate, even
under thermal cycling conditions where adherence is
more difficult due to differences in thermal expansion
in the oxide and alloy.

These characteristics are found to varying degrees in A1203,

Cr 2 3 and 5102 Some of their properties are given in Table II.

Table 11

. ° omy 3 4 4

Oxide AG f(1000 C) m.p. AHdec log P0
per mole 0, °C

(kcal) (kcal)
A1203 -204 2030 266.8 -34.7
CrZO3 -125 2400 180 -21.8
810 -153 1610 210.2 -28.0

Si()2 may be oxidized to form a gas species5 at high temper-
atures, or react with metallic jons to form complex molten oxides.
Also, the presence of Si in Co-20Cr alloy has been shown to cause prob-
lems with scale adhesion upon cooling as well as during isothermal
oxidation treatmem:s.6 20 oxidizes above 1000°C to form the vol-
atile C1037’8 and the rate of volatilization is significant under con-
ditions of high gas Velocity.9

A1205, on the other hand, does not form volatile species and
has less tendency than CrZO3 to form compound oxides. It has high wear
and thermal shock resistance. Due to these factors most major protec-
tion systems for superalloys are coatings which form A1203 or Al.,0,.-tich

273
. . . s 3.4s o 5,10,11
scales as barrier against rapid oxidation.



Whether or not A1203 will form as a protective external scale

or as particles of oxide internal to the alloy is dependent on several

factors. 12716
1) The relative thermodynamic stability of A1203 must be
higher compared to the stability of other oxide phases
that may be present.

2) The bulk alloy composition must provide enough Al
to be oxidized for continuous scale production and
re-supply in case of spalling.

3) The alloy interdiffusion coefficients should be large
to enhance precipitation of Al near the surface for
external scale formation.

4) Oxygen solubility and diffusivity in the alloy
deteriiines internal oxidation possibilities.

5) The relative growth rates of oxides of all components
of the alloy will determine development and overgrowth
rates and undercutting processes in scale development.

6) Epitaxy and substructural effects, as they affect the
defect structure near the alloy surface, can affect the
oxide/alloy mismatch or vacancy condensation.

External conditions such as temperature, pressure and methods
of heating will of course affect these factors. In view of these fac-
tors and the dependence of the steady-state scale structure on the
initial nucleation process, it is difficult to apply any exacting theory

to the process of oxidation in multicomponent superalloys.



AI?LOS Protection of Cobalt Alloys

For cobalt-based coatings with sufficient aluminum to produce
a protective MZOS laver, a CoAl phase is the "reservoir'' providing the
aluminum. In a cobalt-alumimm system at 1000 T,13 w/o Al is needed
for protection. Lesser amounts are needed at lower temperatl.lres.17
Diffusion of aluminum within the substrate, either outward to provide
a new supply to replaced spalled scale18 or inward due to a concentra-
tion gradient, may lead to failure. The aluminum-rich gCoAl phase
loses aluminum to become alo, which is easily oxidized to a non-adherent
CoO scale.

Beyond 1000°C additions of other elements are required if pro-
tection based on an AlZOS layer is to be effective. In protection
systems provided by metallic cladding or overlays, the Co-Cr-Al alloys
are used. When added to NiAl alloys, chromium is known to lower the

concentration of Al required to provide the continuous layer of AlZO
19

3

on the surface. CoCrAl systems are similar to these NiCrAl alloys

except for a higher oxygen solubility and lower interdiffusion coeffi-

cients in the CoCrAl alloys.20

In this case the use of Cr as an oxygen
"getter" becomes even more important to prevent the formation of AIZO3
as internal oxide particles with a consequent lack of Al for the exter-
nal scale production.21

It has been proposed that, with the addition of chromium, Cr203
is formed during the initial stages of oxidation, leading to a reduction
in the effective oxygen pressure at the Cr203/a110y interface and a

lower rate of oxygen flux into the alloy. As a consequence, aluminum
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is allowed to diffuse to the alloy/scale interface without formming

internal oxide particles, and a layer of protective Al,0, can form be-

273
neath the thin initial oxide layer.ZI’22

The lowered Al content of the alloy gives it greater ductility
and consequently thermal fatigue cracking is not as common in these
cladding materials as it is when an aluminide layer is applied directly

to the part to be protected.

Figure 1 is an "oxide map" for the CoCrAl systems, developed by
Wallwork and Hed. 23 The various alloys have been divided into four

groups according to the oxides formed at 1100°C.

Group I: These alloys contain up to 10 w/o chromium and
8 w/o Al. The oxides produced on these alloys consist
of an outer dense layer of columar CoD and an inner
porous layer of CoO mixed with A1203, Cr203, and
Co(Cr,Al)ZO4.

Group II: The alloys in this group contain large concen-
trations of Al and Cr and form a duplex scale over a
discontinuous Co (CrAl)ZO 4 spinel in a CoO matrix.

Group III: Chromium content here is high enough so that a
continuous external scale of Cr203 is formed with
a-A1203 precipitating as intemal oxide particles.

Group IV: Enough Al is present in these alloys to form
a-A1203 as a continuous external scale.

Scale/Alloy Adherence

For any scale to be protective there are two major require-

ments: 24



1) The oxide must have a slow growth rate.

2) The adherence of the oxide to the substrate must
be maintained, even under thermal cycling
conditions.

A1203 is regarded as one of the best oxides for this use. It
is a dense oxide, with relatively few ionic defects, and therefors
slow-g-owing. There remains, however, a problem with the adherence of
the scale to the alloy to be protected, especially during thermal
cycling.

Even under isothermal oxidation conditions stresses develop
within an oxide and may cause spallation. These "growth stresses" are
impossible to avoid. Pilling and Bedworth25 have proposed that the
change in volume associated with the conversion of metal to oxide is
the cause of the stresses and have developed a ratio of volumes that
can be used semi-quantitatively to determine the sign and magnitude of
the stresses involved. Stringer26 and 'Iylecote27 have, however, asserted
that this ratio is not a valid guide to the stresses or adherence of an
oxide. Other sources of stress that have been proposed include: stresses
due to point defects;28 growth of new oxide within an already estab-
lished oxide layer;29 compositional changes of the oxide near the oxide/
alloy interface;28 recrystallization within the scale at high temper-
atures in response to growth stresses;26 and epitaxial stresses near the

interface from mismatch of the scale and underlying substrate.28



Under conditions of thermal cycling, adherence problems are
clearly due to the difference in thermal expansion coefficients for the
oxide and underlying substrate. An oxide that is produced in a stress-
free state at high temperatures comes under stresses during cooling the
magnitude of which can be calculat:ecl:31

5 - Eox ST (o - o)
(3).4 2E t

oX _OX
TR
where
Oox = the stress in the oxide
ox - the elastic modulus of the oxide
Em = the elastic modulus of the alloy
AT = associated chaage in temperature
ox - thermal expansion ccefficient of the oxide
O = thermal expansion coefficient of the alloy
tx = oxide thickness
t, ° alloy thickness

In the alloys used in this work the stress created in AlZO

cooled from 1200°C is 35,000 psi.>2

3

Of course, when any material is put under high stress, some
form of stress relief will occur. In these oxides the stress causes
either plastic deformation of the oxide or alloy, or oxide scale failure

by cracking and/or spalling.
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Oxides are generally brittle materials, though they may show

26,33 Stringer26 suggests

slight plastic behavior at high temperatures.
that, instead of plastic flow, oxides experience ''stress-directed growth.”
Doug135533 concludes that stresses in oxides are accommodated by the

developed grain size and scale porosity.

Adherence Improvements by Additions and Dispersions

In the 1940's, in work with Ni-20Cr (Nichrome) for use as a
heating element material, the addition of very small (< 0.5%) of
yttrium, lanthamum or cerium to Ni-30Cr was found to increase the life

of the elements 2970 hours at 1200°C and 613 hours at 1300°C.>7

This
improvement was due to a sharp decrease in spallation of the protective
Cr203 during thermal cycling. This phenomenon was referred to as the
"Rare Earth Effect,” but has since been found to occur with the addition
of many elements that have high affinities for oxygen. The improvement
also occurs when a dispersion of particles of the oxide of these ele-
ments is present in the alloy. Depending on the addition and material,
the growth rate of the oxide may also be affected, though this appears
to be true only for materials that form Cr203 as the protective oxide.
In general, the breakaway of the oxide scale is suppressed,

leading to a slower oxidation rate of the underlying alloy. The effect
seems to be less dramatic with alloys that form A1203 as the external

scale than it is for Cr203 formers.'."’5
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For alloys that fomm A1203 as the external scale the oxide dis-
persions improve adherence to a greater degree than the element addi-
tions. The dispersion seems to have no effect on the growth rate of
A1203,36 which probably grows by oxygen diffusing inward along oxide

37

grain boundaries. With scales that grow by metal ions diffusing out-

ward, the dispersions may act as surface nucleation sites for the
oxides, reducing the time required for the transient, initial stages of
oxidation and reducing the final oxide grain size. With A1203, however,
the dispersion does not affect the transient stage,38 the oxide grain
size already being so small that the dispersion does not alter the inter-
nuclei spacing.

Several mechanisms for this improvement in scale adherence have
been propposed. None of them differentiate between the presence of an
oxide dispersion or element addition. The elements used as additions
have very high affinities for oxygen and probably oxidize in preference
to chromium and aluminum. Since they are present in very low percentages
they therefore would become dispersions of the oxide present as particles
within the alloy--just as if they were originally added in that fomm.

The mechanisms for adherence that have been proposed include:

1) Keying or Pegging. 28,38-42 3 several alloys "'pegs" of the
external oxide grow into the substrate and surround the internmal

particles. The means by which *hese pegs improve adherence is
strictly a mechanical effect.



2)

3)

4)

5)

6)

-1la-

Vacancy Sink dee1.43 On the alloys with no additions voids

are often found to appear at the scale/alloy interface.
These voids are thought to be the result of vacancies intro-
duced by the diffusion of metal ions during the production
of the oxide scale. These vacancies combine to form the
small voids and reduce the area of contact between the scale
and alloy.

Modification of Scale Plasticity.34 40

This proposal asserts
that the finer-grained oxide produced on an alloy containing
an addition/dispersion will more easily accommodate stresses
due to a greater grain-boundary area. However, Dougla,ss35
has found that the presence of particles of Y203 or YA103/
Y3A1502 of the oxide by inhibiting sliding along grain
boundaries and decreases the plasticity of the oxide.

Graded Seal.*’ It has been proposed that a thin layer of a

compound of the oxide addition and protective oxide may
exist at the alloy/scale interface and that this layer may
have a coefficient of thermal expansion intermediate to the
coefficients for the oxide alloy. A layer of this type would
provide a degree of stress relief during themmal cycling.

Prevention of formation of convoluted oxide morphology.48

According to this hypothesis A1203 may grow not only by dif-
fusion of oxygen inward, but also by the diffusion of aluminum
outward. At the point where the two species meet, new oxide
is formed, leading ‘o large compressive stresses and a convo-
luted morphology. Perhaps the presence of an addition/disper-
sion incorporated into the scale would block the diffusion of
Al and the need for a convoluted oxide morphology.

Chemical Bond.*®

This proposal suggests that chemical bonding
forces improve the adherence between the alloy substrate con-
taining the dispersion and the external scale. Investigating

this mechanism is one of the aims of this work.
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Chemical Bonding Adherence Mechanism

The additions used to improve the adherence of the protective
A1203 layer are elements with high affinities for oxygen--necessarily
higher than the oxygen affinities of the other elements present in the
alloys. The standard free energy of formation of the dispersion is
much more negative than the free energies of the oxides of the other
elements present. Consequently, it is possible that the more oxygen-
active elements may promote oxide adherence by developing stronger

49

atomic bonds across the oxide/substrate interface. Table III lists

the standard free energies cf formation (AGf) for a few important oxides

at 1200°C.
Table II1I
Oxide AGf (kcal/mole oxide) log PO
2
Co0 - 31°0 - 2.3
Cr,0, -179°0 -17.7
AL, -288°0 -28.5
HfO, -289°% -43
714592 -
Y,0, 314 31.1

) -314°2 -46.7




A a
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The equilibrium partial pressure of oxygen associated with the
oxide reacting with its element at 1200°C is also listed.

McDonald and Eberharts‘"> concluded that small percentage of a
highly oxygen-active metal dissolved in an alloy may play a dominant
role in improving oxide adherence by developing stronger atomic bonds

across the oxide/substrate interface.
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INTRODUCTION TO PRESENT WORK

In order to investigate the validity of the proposed chemical
bonding adherence mechanism a situation is set up whereby the oxide
used as a dispersion and the oxide used for the protective external
scale are identical chemically. In this case, should adherence still
be shown to be improved to the same degree by the presence of the dis-
persion, this mechanism would be invalid.

In this work, a Co-10Cr-1A1 alloy is subjected to conditions
whereby an AléOS dispersion forms. The alloy is then aluminized to
provide sufficient amounts of aluminum so that a continuous A1203 film
forms when the alloy is oxidized.

As a comparison for oxidation resistance and an alloy for
investigating dispersion production, Co-10Cr-11A1 and -5A1 alloys with
hafnium additions are used. During aluminizing treatment very briefly
mentioned above, the alloys are exposed to an environment for producing
a HfO2 dispersion and surface aluminide layer at the same time. By
controlling the length of treatment the size and distribution of

particles should be controlled.
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EXPERIMENTAL METHODS

Materials

Table IV gives the nominal compositions of the alloys used in
this work. The alloys were prepared by vacuum melting at 1500°C in a
inert gas induction furnace. The metals were heated to 1500°C, held
for fifteen minutes to insure adequate mixing of the reactive element
into the melt, and cast in cylindrical ingots 6-1/2 cm in diameter and
15 cm long. No homogenization treatment was carried out because of the
probability of oxidizing the reactive element in the process. This
preparation by induction melting produces a rapid stirring motion in the
molten bath and avoids the problems of inhcm\c:geneity.28

After removal of the outer surface of the ingot on a lathe,
the ingots were cut into specimens approximately 1 cmx1 cmx 0.5 cm
using a rotating silicon carbide wheel. All surfaces of each specimen
were ground on 180, 320, and 600 grit silicon carbide papers. Specimens
were cleaned with acetone and ethyl alcohol in preparation for all treat-
ments.

A typical microstructure found in the materials with 11% alum-
imum is shown in Figure 2. There are generally two phases present--the
cobalt-rich a-solid solution phase, and a darker phase of B-CoAl. The
amount of B present is directly proportional to the amount of Al in
the alloy. It appears quite prominently in the alloys of 11% Al.
Alloys of S percent Al are composed mainly of the light phase, and no B
appears in a one percent aluminum alloy. After an aluminizing treat-

ment (see below), a layer of the dark phase quite often appears at the
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surface of these latter two alloys. In the hafnium-addition alloys, no
third phase is seen on micrographs, indicating that hafnium is completely
soluble at these concentrations in the alloys. This complete solubility
provides the fine dispersions of Hj:'O2 seen after internal oxidation

treatments.

Table IV
Nominal Compositions of the Alloys
(weight %)
Cr Al Hf
10 1
10 5 1.5
10 11 1.0
10 11 0.3

Balance is cobalt in all alloys.

Internal Oxidation Treatment

To provide an internal oxide dispersion of A1203 in the
Co-10Cr-1Al1 samples, the specimens were encapsulated in a quartz tube
with powders of Co-30Cr and Cr203. The powders and metal samples were
kept strictly separate during the process. During final sealing the
capsule was heated to 100°C, held for an hour, evacuated to 107> m
Hg, and sealed off. It was then placed into a larger quartz tube with
pieces of tantalum foil. The outer tube was again evacuated and sealed.
This "Rhines pack' provides exclusive oxidation of any element present

in the alloy having an oxide with a lower oxygen dissociation pressure

than the Cr203. In this alloy the only such element is aluminum
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(see Table II). This method of internal oxide production has been used
for dilute alloys of copper, nickel, cobalt and iron.54

The specimen and capsule were placed into a furnace at 11006°C
and kept at temperature for 120 hours. After removal from the furnace
and capsule, the specimen surfaces were again ground to 600 grit and

cleaned.

Aluminizing Treatment (Hfo2 production)

All specimens were subjected to an aluminizing treatment.

Following techniques outlined by Seltzer, Wilcox and St:ringer,55 t

he
specimens were placed into crucibles and surrounded by a mixture of
powders of CoAl (49 %), A1203 (45 %), and NH4C1 (2 %$). This '"cementation
pack' was then wired shut and placed into a furnace at 1100°C for vary-
ing times. Specimens of Co-10Cr-1A1 remained at temperature for 162
hours, and specimens containing hafnium were held for 63, 100, or 144
hours. After aluminizing all specimens were annealed in an inert gas
furnace for 22 hours.

Aluminizing by this method is done essentially by vapor deposi-
tion of aluminum onto the alloy. The CoAl provides the alumimm, the
NH4C1 is an "activator" for the process, and A1203 provides an inert
filler material to prevent sintering of the CoAl particles. The Al is
deposited via gaseous transport as A1C13 or AICl. For aluminide produc-
tion on nickel-based alloys the reactions involved, in the temperature

range of 750° to 1000°C, have been determined as:56
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Al (from pack) + HCl (activator) - A1C13 (gas)
AlCl..5 (g) + Ni (substrate) + H2 (activator)
+ NiZA13 + HC1

The "activator," NH401 in this case, is obviously an important
component to the process. Since it sublimes at 335°C, a sufficient
reservoir of it m.«<t be maintained by sealing the furnace and/or the
pack container.

In the alloys containing hafnium additions, internal oxidation
occurred simultaneously with the aluminizing. If these alloys were to
be internally oxidized via the '"Rhines pack" treatment, the powders
added to the pack to lower the oxygen partial pressure would be CoAl and
A1203 (see Table 1I). Therefore, except for NH4C1, the conditions are

identical during aluminization, the lowered oxygen pressure is obtained,

and hafnium is the only element allowed to oxidize.

Oxidation Experiments

All oxidation experiments were done at 1200°C in an air furnace.
Specimens were weighed on an analytic balance and the surface area of
each measured with a micrometer previous to all treatments. Three oxida-
tion treatments were done on each alloy: cyclic, short-term isothermal,
and long-term isothermal.

Cyclic oxidation experiments were done with eight cycles of
twenty hours each. Previous to the first cycle, the specimen was
weighed and measured for surface area. The specimen was re-weighed after

each succeeding cycle. The treatment was done in recrystallized alumina
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crucibles, and the weight of the crucible containing the specimen was
the recorded value. The change in mass (mi - mo) divided by the spec-
imen surface area was then calculated.

The short-temm isothermal specimens were left at temperature
for 26 hours. Long-term isothermal specimens remained at temperature
344 hours. The specimen surface area was measured before and the mass
was recorded before and after the treatments. Change in mass divided

by surface area was calculated.

Metallography

Examination of a typical specimen was done after each treatment.
Specimens subjected to the internal oxidation and/or aluminizing stages
were cleaned by light grinding on 600 grit paper and then mounted in
epoxy for polishing and examination with an optical metallograph and
scanning electron microscope. X-ray analysis was carried out using an
Energy Dispersive Analysis (EDAX) attachment with the SEM.

Oxidation samples were examined various ways. The outer surface
of the oxide was examined using the SEM immediately after oxidation. If
a region was present where the scale had spalled the oxide fracture
surface and the substrate surface under the oxide was examined.

The sample was then mounted in epoxy and polished with successively
finer diamond pastes to one micron. An examination of the cross section
of the oxide-metal interface was made using the metallograph. Much
care vas taken to avoid excessive destruction of the oxide layer during
polishing. Finally, an etchant of Methanol-10% Bromine was used to

lightly etch the sample to bring out features of the interface and alloy
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grain structure for metallographic examination. The same etchant was
then again used to deep-etch the sample to reveal the features of the
underside of the oxide at the oxide/metal interface. The SEM was used
in examination of this structure.

Before examination using the SEM, all specimens were coated with
gold using a gold-sputtering unit. This was done to compensate for the

non-conductive properties of the oxides.
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RESULTS AND DISCUSSION
INTERNAL OXIDATION AND ALUMINIZING TREATMENTS

METALLOGRAPHY
As indicated in the Introduction to Present Work section, the

major objectives of this work were:

(a) to detemine whether a fine dispersion of A1203 particles
in a CoCrAl-type alloy (and hence in a CoCrAl-type coating) would be as
efficient in improving the adhesion of the Al,0; scale which forms on
subsequent high temperature exposure as is an active element (Y, Hf,
etc.) or active element oxide dispersion (HfOz, Tl'Oz, etc.), thereby

eliminating the 'chemical' from the proposed mechanisms; and

(b) to detemmine whether CoCrAl alloys (and hence coatings)
containing metallic Hf additions could be converted to HfO2 dispersion-

containing materials during an aluminizing pretreatment.

In order to achieve the first objective an internal oxidation
step, separate from the aluminizing treatment was required. Thus a
Co-10Cr-1A1 alloy was internally oxidized in a “'Rhines pack" as discussed
in the Experimental section. Co-10Cr was chosen as the base, since this
Cr content is typical of commercially available CoCrAl overlay coatings,
and also this level of Cr was used in a previous study28 of the effects
of various active elements and internal oxidation pretreatments on the
oxidation of CoCrAl alloys. Of course, after the intermal oxidation
pretreatment, it was necessary to aluminize the Co-10Cr-1A1 alloy, other-

wise it would not form an A1203 scale on subsequent exposure to air or
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oxygen.

In relation to the second objective, a CoCrAl, again containing
10% Cr, but now with 11% Al and various levels of Hf was used, which also
permitted comparison with previous work. Normally it would not be neces-
sary to aluminize this alloy to ensure formation of an A1203 scale during
subsequent oxidation because the 11% Al is already sufficient. However,
simultaneous enrichment of the surface layers of the alloy with Al during
internal oxidation would not be anticipated to have a detrimental effect
unless the surface became too brititle. In part to counteract this, a

Co-10Cr-5A1-Hf alloy was also subjected to similar treatments.

Co-10Cr-1A1

Figure 3 shows this alloy after the internal oxidation treatment
only. The internal oxide particles exist in varying shapes, from spher-
ical to rod-like, and are present to a depth of approximately 25 microns.
The rod-like shape of some of the particles is apparently due to the
diffusion of aluminum outward through the alloy along short-circuit paths
and the inward diffusion of oxygen along those same paths, Aluminum at
this concentration is in solid solution with the cobalt and chromium, and
therefore provides a dispersion of particles throughout the surface

region.

Figure 4 shows a Co-10Cr-1A1 sample after the internal oxidation
and aluminizing treatments. Figure 4 shows the CoAl phase appearing as
would be expected from the phase diagram, to a depth of 20 microns, and

the depth of internal oxidation has been extended to approximately 50
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microns. After etching it is revealed that lower concentrations of Al
extend to greater depths. Al is completely soluble in this alloy to
approximately 15% according to a Co-Al phase diagram and concentrations
below this are indistinguishable, on a light microscope, from pure Co.
The _wcreased aluminum contents extends into the alloy 100 microns. It
should be noted that Alzﬂ s particles are present within the aluminide
layer, indicating that the production of the aluminide layer is accom-
plished mainly by inward diffusion of the aluminum rather than outward
diffusion of cobalt., The apparent further internal oxidation of alumi-
mm is perhaps due to the presence of residual oxygen, at sufficient
partial pressure within the cementation pack, during the first hours of
the aluminizing treatment.

A Co-10Cr-1A1 alloy with only the aluminizing treatement is shown
in Figure 5. The darker CoAl phase is present to a depth of 50 microns,
and appears to include a region of oxide and porosity approximatelv 40
microns below the surface. Upon etching, the aluminide layer is re-
vealed to extend no further into the alloy at lower Al contents as in the
pre-internally oxidized specimens. Certainly, the A1203 particles pres-
ent in the alloy would provide discontinuities in the grain structure of
the alloy, and perhaps permit greater short-circuit diffusion of Al into
the alloy during aluminization. The region of oxide below the surface
of the non-preoxidized specimen is shown by etching to be relatively con-
tinuous and may be due to inclusions from the pack during aluminizing.
Porosity may also be due to a Kirkendall effect during the aluminizing
treatment. This would provide a layer of brittle material near the sur-

face of the alloy and essentially reduce the thickness of the alumnide
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layer to 10 microns.

Hafnium-Containing Alloys

A layer of CoAl was also produced on the surface of the hafnium
containing alloys. Simultaneously, a dispersion of HfO2 was produced
during aluminizing. The oxygen partial pressure in the aluminizing

pack was reduced due to the presence of alumimum and AlZO to the level

3
shown in Table II. With an inert gas atmosphere outside the pack, this
simulates a Rhines pack for internally oxidizing hafnium.

Figures 6 through 8 show the morphology of these alloys after
aluminizing for various times. Table IV lists the aluminide layer
thickness, particles size and distance between particles for each alloy
and aluminizing time.

In each case, the dispersion tends to be basically uniform
throughout the alloy, within perhaps a little concentration at grain
boundaries. This indicates that hafnium is in solid solution in the
basic alloy, and that oxygen diffuses inward to produce the dispersion.
Unlike the AlZO3 particles in the previous alloys, the HfO2 particles
are not concentrated near the surface of the sample. The internal
oxidation process at this low P02 is limited by oxygen supply at the

alloy surface instead of diffusion through the alloy. Therefore, the

alloy becomes saturated by oxygen and HfOz particles appear throughout

the alloy as supersaturation occurs. Undoubtedly there are HfO2 particles

present in a size that is unresolved by the microscopes used. HfO2
particles are seen in all cases to be present within the aluminide layer,

showing that the layer is produced by the inward diffusion of aluminum,
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rather than Co diffusing out.

Table IV

Effect of Aluminizing on Hafnium-Containing Alloys

Alloy* Aluminide layer HfO, particle Distance between
thickness size particles
-11A1-0.3Hf
63 hours 15 microns 1 micron 30 micron
100 45 1 15
144 45 1 10
-11A1-1Hf
63 - 20 2 10
100 25 3 10
144 50 3 10
-5A1-1.5Hf
63 25 3 10
100 60 3 5
144 70 1 5

*
All alloys are Co-10Cr with the given additions.

Continuous regions of oxide and/or porosity are found within the
outer parts of the aluminide layer on Co-10Cr-11Al alloys aluminized for

longer times limiting the effective aluminide layer thickmess.
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Due to the fact that Co-10Cr-5A1 alloys are one-phase, with
only very small concentrations of R-phase in the alloy the aluminide
layer addition is more evident in this alloy than in the others. In the
etched sample of Figure 8b, energy dispersive x-ray analysis (EDAX)
revealed that the oxide near the surface is alumina and that this layer
is not continuous as in the lower concentration (Hf) alloys. The small
particles dispersed throughout the matrix with some concentration at
grain boundaries were analyzed as HfOZ.

Table IV reveals some interesting, although predictable, trends.
For all alloys, the aluminide layer thickness seems to increase with
aluminizing time. The layer thickness for a given time increases with
hafnium content of the alloy, apparently independently of original
aluminum content. As with the alloys originally at 1 percent aluminum,
this may be due to the discontinuity, and therefore short-circuit dif-
fusion path, presented by the oxide particles. The concentration of
the particles obviously increases with hafnium content.

Generally, particle size increases with hafnium content of the
alloy. Accordingly, the distance between particles decreases with in-
creasing content. Allam28 suggested that it is a combination of small
oxide particles and fine, uniform dispersion that enhances oxidation

resistance and adherence of the scale in these alloys.
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RESULTS AND DISCUSSION
OXIDATION EXPERIMENTS

A1l alloys were subject to three types of oxidation experiments
at 1200 °C: Short-term isothermal (26 hours), Cyclic (8 cycles of 20
hours), and Long-term isothermal (344 hours). The relationships be-
tween oxidation, oxide production and alloy weight changes will be

examined in this section.

METALLOGRAPHY

Co-10Cr-1A1 alloys

Short-term oxidation. Illustrations of the effects aluminizing
at lower temperatures has on oxidation of these alloys are seen in
Figures 9 and 10. The pre-internally oxidized sample in Figure 9 re-
tains some oxide on the surface, though it is not particularly adherent.
The metal substrate is bared in several places and higher magnification
with EDAX analysis shows the presence of A1203 particles extending into
the substrate and surface imprints from the spalled oxide layer. The
underlayer of ~xide in Figure 9a consists mostly of aluminum with a
small amount of cobalt detected. The outer oxide is pure A1203. Figure
10 reveals that the alloy with no internal oxidation treatment prior to
aluminizing and oxidation is completely oxidized, with consecutive layers
(from surface), of pure Co0, a layer of combined oxides of cobalt, alumi-

num, and chromium, a third layer consisting mostly of Cr oxides with Co

present, and in the innermost oxide Co is the predominant element with
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some Cr. These oxides are typical of dilute ™-Cr alloys, and appar-
ently the aluminizing treatment has had no effect on this alloy. Both
these samples were oxidized only six hours at 1200 °C.

With a more su%stantial aluminizing temperature at 1100 °C,
samples oxidized for 26 hours after internal oxidation and aluminizing
treatments did produce and retain the protective AlZO3 layer, as shown
in Figure 1la. The oxide has a fine-grained structure on the outermost
surface, but when this layer spalls, large smooth grains of oxide are
revealed. This probably indicates inward diffusion of oxygen during
cxide growth. Figure 11b shows an area where all AlZO3 has spalled,
and the base metal underneath has begun to oxidize. Apparently the
aluminum and chromium contents of the substrate are still high enougn
to prevent the growth of large, columar grains of CoO.

In some areas, the surface of the non-internally oxidized
samples appears identical to the surface seen in Figure 1la. However,
this alloy produced CoO upon oxidation for 26 hours over much of the
surface. This outward-growing, large-grained oxide is practically non-
adherent, and Figure 12 shows evidence that once it begins to grow it
destroys any AlZO3 scale present.

Cross-sections of these alloys are shown in Figures 13 and 14.

Figure 13a shows an internally-oxidized sample after short-term
oxidation. The internal oxide still extends to a depth of approximately
50 microns. The large, smooth A1203 grains are very evident extending
from the alloy surface into the substrate. By etching in stages, dif-
ferent aspects of the interface are revealed after each etch. A 30

second etch shows an external oxide layer approximately 100 microns thick.
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After etching 2 minutes, the layer of aluminide is seen to extend 70
microns below the oxide surface. Evidently the aluminum diffuses into
the substrate as well as outward to produce the external scale. (This
has detrimental effects for longer oxidation times.) A 7 minute etch
reveals the underside of the oxide scale. This alloy, with previous
internal oxidation treatment, has "pegs' extending from the underside
of the scale into the substrate, as Figure 13d shows. The pegs are quite
fine and on the order of 15 microns in length after 26 hours of oxida-
tion. The development of these pegs during oxidation has been connected
with the presence of internal dispersions, and in this alloy was the
reason for a prior internal oxidation treatment. It is the presence of
pegs of this kind to which greater adherence of the external oxide
scale has been attributed.28
Figure 14a has a cross-section of the same alloy with no prior
internal oxidation treatment. These pictures were taken in a region
where A1203 is the external scale. Some 'pegging'’ is present, but it is
the exception rather than the rule. An outer, continuous layer of oxide
is present. However, this layer has broken away from the substrate.
After a 2 minute etch the oxide layer and aluminide near the surface can
be seen. This aluminide layer after 26 hours of oxidation extends some
40 microns below the surface, and aluminum does not seem to be diffusing
inward at too great a rate. A seven minute etch in Figure l4c shows the
underside of the oxide to be basically free from pegs and large-grained.
The presence of internal oxide particles not only seems to en-

hance oxidation resistance, it also promotes the diffusion of Al into
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the alloy during aluminization. This, in turn, assists in an even
greater resistance to oxidation by providing more Al needed to restore
the protective scale after spalling.

Cyclic oxidation. Cyclic oxidation produced dramatic differ-
ences in the two types of 1 percent Al alloys. The alloy with the
internal oxide dispersion has a much more abundant supply of Al to
rebuild spalled oxides and a much more adherent scale. Figure 15 shows
the layer of A1203 at a spalled area. Only a small area of metal is
bared, and evidence of the underlying internal oxide can be seen.

An interesting effect of cyclic oxidation on this alloy appears
near the alloy surface where the aluminide layer was prior to oxidation.
Due to the diffusion of Al during oxidation, a layer near the surface
of the alloys begins to develop the two distinct phases seen in the
11A1 alloys. The interior of the specimen, however, remains one-phase.
This effect would eventually lead to Co0 growing over the Al-depleted
regions.

The 1% Al alloy with no internal oxidation was completely
oxidized with a thick surface layer of CoO after only 3 cycles. A
comparison of the weight changes of these samples during cyclic oxida-
tion experiments is found in the Kinetics part of this section.

Long-term oxidation. Both of thhe Co-10Cr-1Al1 types of alloys
were completely oxidized after 344 hours at 1200 °C, and covered with

a layer of CoO.
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Hafnium-containing Alloys

For purposes of comparison, an alloy of composition Co-10Cr-5A1
was subjected to the oxidation experiments. No internal oxide is pres-
ent and with no aluminizing treatment this alloy is completely vulnerable
to rapid oxidation.

Short-term oxidation. After short-term oxidation the surface of
an alloy of 5A1 that has been aluminized 63 hours appears as in Figure
16a. There are layers of oxides containing a high percentage of aluminum
on the surface, but at nigh magnification (Figure 16b) the reason for the
brittleness of the oxide and its inability to protect the alloy under-
nearh can be seen. The oxide is an extremely porous structure, ev-
idently because of insufficient aluminum available to produce a dense
layer of AlZOS' With a longer aluminizing time of 144 hours A1203 covers
most of the surface, though it is still not contimuous.

A view of the top of the second oxide layer on a 5Al1 alloy alum-
inized 63 hours shows (Figure 16c) a reason for adherence problems.
Voids exist at the interface, with a corresponding loss of contact,
leading to loss of adherence. Aluminum vapor pressure inside the void
at this high temperature is high enough to supply Al to the oxide under-
side, maintaining its growth even though it is not in contact with the
alloy. This vaporization of aluminum causes the smooth walls
of the void.?

Oxidation for 26 hours of a Co-10Cr-5A1-1.5Hf alloy produces a
more continuous, finer-grained oxide than the same alloy with no hafnium.

Without aluminizing the oxide produced is identical to that of a dilute
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Co-Cr alloy with no alumimum or hafnium, and spalls easily. As the
alloy is aluminized for longer times, a greater percentage of the oxide
produced is Allos. An aluminizing time of 63 hours gives a continuous
layer of oxide, mostly A1203. The oxide structure on this alloy alumi-
nized 100 hours resembles that found on the alloys of Co-10Cr-1Al-large,
smooth grains beneath a layer of fine surface oxide. All the oxide
present is A1203. With 144 hours of aluminizing, the oxide produced is
nearly continuous and all A1203 (Figure 17a). There seems to be a
ready supply of Al in this alloy for further oxide production.

A cross-sectional view of this alloy after 100 hours aluminizing
and short-term oxidation is shown in Figure 17b. The 8 layer extends to
the surface, and no pegs are present. A region of metal bared after
spallation of the oxide of the alloy aluminized 100 hours is shown in
Figure 17c. The oxide imprints left behind are small, on the order of
one micron in diameter and no voids are present. The A1203 layer appears
to be quite adherent.

Alloysof 11% Al content can produce a. continuous A1203 layer. Addi-
tional aluminizing may embrittle the surface material. Co-10Cr-11A1-0.3Hf
oxidized for 26 hours produces a surface oxide layer as shown in Figure
18a. If the oxide spalls, there is sufficient aluminum to reform
the scale. With 63 hours of aluminizing the oxide surface is fine
grained and still apparently adherent. However, further increases in
aluminizing time begin to cause voids to form under the scale during
oxidation. Voids on samples aluminized 144 hours are shown in Figure

18b. The smooth surfaces of the substrate and large grains on the
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underside of the oxide indicate that within the void the pressure at
this temperature during oxidation is low enough to allow aluminum from
the substrate to be vaporized and provide a relatively fast supply of
Al to the oxide layer. The large grains of oxide grow, unrestricted by

a growth-retarding substrate. 28

Of course, the presence of these voids
means a loss of adherence locally at the alloy/oxide interface.

In some areas the voids may not be present, but still the oxide
is not completely adherent. In Figure 18c the oxide of the alloy with
no aluninizing treatment is seen from the underside after loosening.

The imprints on the substrate appear to match the grain structure on the
oxide underside. This spalling was probably due to stresses produced
during cooling.

Figure 18d shows the microstructure of the alloy after alum-
inizing for 63 hours and short-term oxidation. The surface layer of
aluminide is being depleted. The aluminide layer now extends deeper
into the substrate. These two facts indicate the Al is diffusing away
from the surface region both outward to produce A1203 on the surface
and inward to regions of lower aluminum content.

No evidence of pegging was found in cross-sections of this alloy.
However, Figure 18e shows the broken-off top of a peg of A1203 that ex-
tends into the alloy.

Figure 19a shows a typical surface morphology for oxidized
samples of Co-10Cr-11Al1lf that have been aluminized. Samples alum-

inized 63 or 100 hours tend to have comparable coverage of A1,0 When

3
the oxide does spall there is sufficient Al in thhe substrate to replace
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it. Samples aluminized 144 hours also have sufficient Al, but spalling
is much more common and the oxide is finer-grained.

The microstructure of Co-10Cr-11A1-1Hf aluminized for 63 hours
and then oxidized is shown in Figure 19b. The same alloy with no alumi-
nizing has pegs 20 microns long and with quite a fine dispersion, and
the surface is depleted of 8 phase. The abundance of pegs seems to de-
crease with aluminizing time, and pegs appear only within areas of
pure o. The depth of the aluminide layer markedly increases with oxida-
tion indicating again that Al is diffusing deeper into the alloy as well
as to the surface for .-\1203 production.

Figure 19c shows a typical substrate surface on these alloys
after spallation of the oxide. The oxide grains at the inner surface
of the oxide are larger than those on the outer surface. Imprints on
the substrate are on the order of 10 microns in diameter—larger than
those found on the Co-10Cr-11A1-0.3Hf alloy surface under the oxide.

Cyclic oxidation. The completely non-adherent oxide scale
produced on a Co-10Cr-35A1 alloy during cyclic oxidation is shown in
Figure 20. Large columar grains of Co0 are outermost, with brittle a
oxide of Co and Al between the Co0 and the substrate.

The oxide surface of Co-10Cr-5A1-1.5Hf aluminized 100 hours and
subjected to ¢yclic oxidation is shown in Figure 2la. Specimens alum-
cn:z2d 130 hours have oxides of pure .\1203, though they are not smooth
cxzdes.  Upon spallation more Al.O; is produced. Sixty-three hours of
zlmzn.zing does not produce a large enough reservoir of Al to withstand

Trzliz zxiZzticn, and by the end the oxide is a fine-grained mix of Co
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and A1. The oxide on the specimens aluminized 144 hours is very broken
and easily spalled, presumably due to the high Al and HfO2 contents of
this alloy.

The microstructure of this alloy is shown in Figure 21b. The
sample aluminized 100 hours still retains its aluminide layer for A1203
production, though larger pegs are produced which may lead to loss of
oxide adherence. The aluminide layer has penetrated to a greater depth
and the surface is being depleted of Al. While the sample, when alum-
inized 63 hours, produces many oxide pegs, the aluminum content of the
alloy is very low after cyclic oxidation. No aluminide layer remains,
and upon spallation Co oxides are produced. The sample aluminized 144
hours has very large oxide pegs that are probably the reason for the
loss of scale adherence.28

The oxide surface of Co-10Cr-11A1-0.3Hf aluminized 100 hours
after cyclic oxidation is seen in Figure 22a. The sample aluminized 63
or 100 hours spalled during oxidation and the alloy beneath oxidized
in the fine grains of the Co and Al oxide region of Figure 20. Figure
22b, the oxides produced on a sample aluminized 144 hours, shows the
oxide layers shown to be typical for the 11% Al alloys in a previous
work.28 The layers have greater aluminum content as they near the outer
surface and appear to be adherent to the substrate below.

A microstructure of these samples is shown in Figure 22c. The
sample aluminized 63 hours has a depleted aluminide layer, the CoAl is
still present near the surface. The sample, when aluminized 144 hours

retains its aluminide layer to a depth of 100 microns. The Al is
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diffusing into the alloy and out to the surface. No oxide pegs were
evident. However, Figure 22d shows that HfO2 exists throughout the
aluminide layer. In this etched sample the oxide underside appears
smooth.

Figure 22e shows voids again existing at the oxide/alloy inter-
face in the alloy aluminized 144 hours.

Alloys of Co-10Cr-11A1-1Hf subjected to cyclic oxidation are
shown in Figure 23. Figure 23a shows the oxide surface found to be
typical of these alloys. There is a continuous underlayer of A1203 and
anywhere spallation occurs enough Al is present to reform the protective
oxide. Oxide pegs, as shown in Figure 23b are very common in the alloys.
Again, peg production seems to decrease with increasing aluminizing
time, but is still present in the alloy aluminized 144 hours. Figure
23c is a view of the broken-off pegs still in the alloy. Between the
two large pegs there is a hole in the substrate where another peg has
been removed.

Long-term oxidation. Figure 24a shows the surface oxide scale
typically found on a 5% Al alloy, aluminized 144 hours, after 344 hours
of isothermal oxidation. The oxide layers are mainly A1203, but the
large imprints on the substrate show a large number of voids and a loss
of adherence between alloy and oxide. Figure 24b shows the metal sur-
face of the same alloy aluminized only 100 hours and the evidence of

large voids found there.



-37-

The 5% Al alloy with 1.5% Hf and aluminized for 63 hours does
not resist long-term oxidation. The oxides produced are identical to
those of the alloy with Hf addition, subjected to cyclic oxidation as
shown in Figure 20 though they appear to be more adherent. However,
after being aluminized 100 hours, sufficient Al has been provided and
the oxide shown in Figure 25a is produced. The oxide produced on the
alloy aluminized 144 hours is much finer-grained.

Figure 25b illustrates how the production of CoO on the alloy
destroys the surface. The large grains of Co0 are at the original sur-
face, and a brittle oxidized region of mostly chromia and alumina is
beneath it., The entire oxide thickness is as much as 2 millimeters
thick.

An etched cross-section of this alloy aluminized 100 hours prior
to long-term oxidation is shown in Figure 25c. Hafnia particles are
abundant with the alloy and oxide pegs are seen extending through the
aluminide layer. When the alloy has been aluminized 144 hours the pegs
are quite large. Figures 25d and e show a cross-section of the alloy
and a region of broken-off peg respectively. Figure 25e shows a region
of metal bared next to where the peg enters the substrate. This peg is
approximately ten microns in diameter, like those found in Figure 25d.

Alloys of 11A1-0.3Hf contents subjected to long-term oxidation
are shown in Figure 26. Figure 26a shows a typical surface of the
sample. This sample was aluminized 100 hours and experienced spalling
on cooling after oxidation. A sample that was aluminized 63 hours

(Figure 26b) shows broken pegs at a spalled oxide area. However, a void
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10 microns in diameter at the oxide/alloy interface of a sample alum-
inized 100 hours is shown in Figure 26c and probably was the cause of
local spalling.

Etched cross-sections of these samples are shown in Figures 26d
through f. An etched sample of the alloy aluminized 63 hours shows an
oxide underside that is nearly devoid of pegs. The aluminide layer is
approximately 20 microns thick and aluminum has therefore diffused
slightly inward during oxidation. HfO2 particles are dispersed through-
out the substrate. A sample aluminized 100 hours still has only minor
irregularities present on the underside of the A1203. The region of
higher Al content on a sample aluminized 144 hours prior to oxidation
can be seen in Figure 26f to be now 70 microns thick.

Alloys of 11% Al-1% Hf content produce the oxide surface layer
seen in Figure 27a during 344 hours of oxidation. Upon spalling more
AlZO3 is produced and very little metal bared.

The underside of the oxide produced when a sample of 11Al-1Hf
aluminized 100 hours is subject to long-term oxidation is shown in
Figure 27b. There are thick pegs extending into the alloy. The small
""chunks' evident on them are HfO2 particles that are enveloped during
peg growth. The alloy surface under the oxide is seen in Figure 27c.
The oxide imprints are on the order of 10 microns in size. Broken pegs

are imbedded in the substrate surface.
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RESULTS AND DISCUSSION

KINETICS
The weight change experienced by each alloy during isothermal
oxidation experiments is listed below. Figures 28 through 32 show the

weight change as the al’~ys underwent cyclic oxidation.

Table V
Short term isothermal oxidation (26 hours, 1200°C)

* 2
Alloy Am/A (g/cm”)
-11A1-0,3Hf Aluminized 144 hrs. 0.0007
-5A1 Aluminized 100 hrs. 0.000"
-11A1-1Hf Aluminized 144 hrs. 0.00095
-5A1 Aluminized 63 hrs, 0.0009
-11A1-1Hf Aluminized 100 hrs. 0.0011
-11A100.3Hf As cast 0.0012
-5A1-1.5Hf Aluminized 144 hrs. 0.0013
-5A1 Aluminized 144 hrs. 0.0015
-1A1, Internally oxidized 120 hrs,

Aluminized 162 hrs. 0.0015
-5A1-1,5Hf Aluminized 100 hrs. 0.0017
-11A1-0.3Hf Aluminized 100 hrs. 0.0018
-5A1-1.5Hf As cast 0.0029
-11A1-1Hf As cast 0.0035
-5Al1 As cast 0.0083
-1A1 Aluminized 162 hrs. 0.0422

*All alloys contain Co-10Cr with the additions shown.
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Table V ranks the alloys in order of reducing resistance to
short-temm oxidation. For this short time of oxidation, most alloys
contained enough aluminum to prevent drastic oxidation. All alloys
listed down to -11A1-1Hf As Cast showed no evidence of CoO after oxida-
tion. The alloys of -5A1 and the -1A1 specimen with no intermal oxide

dispersion did produce CoO.

Table VI
Long-term isothermal oxidation (344 hours at 1200 C)

Alloy" m/A (g/cn’)

-11A1-0.3Hf Aluminized 144 hrs. negligible
-11A1-0.3Hf Aluminized 63 hrs. 0.0011
-11A1-1Hf Aluminized 63 hrs. 0.0013
-11A1-1Hf Aluminized 100 hrs. 0.0025
-5A1-1.5Hf Aluminized 144 hrs. 0.0038
-5A1-1.5Hf Aluminized 100 hrs. 0.0066
-5A1 Aluminized 144 hrs. 0.0243
-11A1-1Hf Aluminized 144 hrs. 0.0253
-5A1-1.5Hf Aluminized 63 hrs. 0.0480
-5A1 Aluminized 100 hrs. 0.160
-1A1 Internally oxidized 120 hrs,

Aluminized 162 hrs. 0.224
-5A1 Aluminized 63 hrs. 0.589
-1A1 Aluminized 162 hrs. ---

*All alioys contain Co-10Cr with the additions shown.
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Table VI lists the weight-change experienced by each alloy
after 344 hours of isothemmal oxidation. The reactions vary from that
of -11A1-0.3Hf aluminized 144 hours experiencing very little weight
change to -1A1 with only aluminizing treatment falling completely
apart. All alloys down to -5A1-1.5Hf aluminized 100 hours produced
no Co0. Those below produced Co0 in amounts varying from oxidation

at the edges of the specimen to complete oxidation.

Cyclic Oxidation

Figures 28 through 32 are graphs of alloy weight changes during
cyclic oxidation.

Figure 28 shows weight changes of alloys with no hafnium addi-
tions. The alloy of 1% Al with no internal oxidation completely deteri-
orated in the first cycle. After being aluminized 63 hours the-5A1
alloy experienced a minimal weight gain during the first cycle, then
suddenly lost its supply of aluminum to replenish spalled .13.1203 and
oxidized quickly. The same alloy oxidized 100 hours and 144 hours began
to oxidize quickly after the first few cycles.

The Co-10Cr-1A1 alloy internally oxidized and aluminized did
much better than any of the others in the long-run. During initial
cycles it experienced a relatively rapid weight gain, but tended to
gain weight slower at longer cycles. While the indication of oxidation
resistance illustrated here does not approach that of the alloys con-
taining hafnium used in this work, it does compare favorably with
alloys containing other additions. For instance, the same alloy with

-11A1-1Ce, internally oxidized under nearly identical conditions, does
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not resist cyclic oxidation as well as this alloy. It also compares
well with the same alloy containing -11A1-0.1Hf with or without prior
internal oxidation.28

According to Figure 29, Co-10Cr-5A1-1.5Hf alloys are at an opti-
mm aluminizing time at 100 hours. Without aluminizing the alloy does
not at all resist oxidation, and both 63 hours and 144 hours of aluminiz-
ing produce less resistance to cyclic oxidation than 100 hours. Presum-
ably this is due to a point of optimm aluminum content in the alloy
and optimum HfO2 particle size and dispersion.

From Figure 30 it can be deduced that Co-10Cr-11A1-0.3Hf alloys
resist cyclic oxidation better with little or no aluminizing, though
after eight cycles samples with 144 hours of aluminizing seem to benefit
from their higher aluminum contents.

Alloys with -11A1-1Hf content seem to have optimum aluminizing
times of approximately 63 to 100 hours. Both long-term and no aluminiz-
ing treatments have less beneficial effects. This is shown in Figure 31.

Figure 32 is a comparison of the cyclic oxidation resistance of
the best sample of each alloy. From those present it is obvious that
shorter aluminizing times produce alloys most resistant to cyclic

oxidation.
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SUMMARY AND CONCLUSIONS

The two major conclusions that can be drawn from this work

are.

1) An internal dispersion of A1203 in an alloy that forms
A1203 as a protective scale will improve adherence to
a degree comparable to that obtained with certain other
dispersions under short-term and cyclic oxidation condi-
tions. This improvement in adherence is a pure mech-
anical effect due to the formation of pegs in the
presence of the A1203 dispersion, and cannot be due to
a chemical bond between the dispersion and oxide scale.

2) Aluminizing an alloy containing a small percentage of
hafnium in a "‘cementation pack' does produce a H:EO2 dis-
persion. This combination of aluminizing and dispersion

may or may not improve adherence of an A1203 protective
scale.

A general summary of other conclusions reached:
In alloys with an A1203 dispersion:

1) The depth of aluminizing is promoted by the presence of
the dispersion during oxidation.

2) Oxide pegs are produced due to the presence of the dis-
persion during oxidation.

In alloys containing Hf additions:

1) The depths of aluminizing is promoted by increased Hf
content and increased aluminizing times.

2) Particle size and dispersion increase with Hf content.
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3) Too much aluminizing can embrittle the surface layer of
an alloy, resulting in no substrate accommodation of stresses
and loss of adherence.

4) There is an optimum degree of aluminizing to produce an
HfO2 dispersion and increase the Al content of the alloy sur-
face.

5) A1203 pegs form within the a-phase surface region of
hafnium-containing alloys. Their formation may not be com-
patible with aluminization to produce HfOZ, due to the fact
that the B-phase then covers the surface.

6) During oxidation aluminum is also diffusing into the
base alloy and surface regions may become depleted of
necessary aluminum.
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FIGURE CAPTIONS

Figure 1. Oxide map for the Ternary System
Co-Cr-Al at 1100°C23

Figure 2. Co-10Cr-11A1-1Hf: Interior cross-section
As Cast condition
x760

Figure 3. Co-10Cr-1A1: Surface cross-section
Internally oxidized 120 hrs, 1100°C
Etched 1 minute
x1000

Figure 4. Co-10Cr-1A1: Surface cross-section
Internally oxidized 120 hrs, 1100°C
Aluminized 162 hrs, 1100°C
x920

Figure 5. Co-10Cr-1A1: Surface cross-section
Aluminized 162 hrs, 1100°C
x620

Figure 6a. Co-10Cr-11A1-0.3Hf: Surface cross-section
Aluminized 100 hrs, 1100°C
=x1000
6b. Interior cross-section
xB40

Figure 7a. Co-10Cr-11Al1-1Hf: Surface cross-section
Aluminized 63 hrs, 1100°C
x1000
7b. Interior cross-section
%840
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Figure 8a. Co-10Cr-5A1-1.5Hf: Surface cross-section
Aluminized 144 hrs, 1000°C
x760
8b. Surface cross-section, etched 7 minutes
x1000

Figure 9a. Co-10Cr-1Al: Alloy surface
Internally oxidized 120 hrs, 1100°C
Aluminized 150 hrs, 1000°C
Oxidized 6 hrs, 1200°C
x200

9b. Substrate surface
x2000
9. EDAX X-ray Map (Aluminum)

Figure 10. Co-10Cr-1A1: Sample surface
Aluminized 150 hrs, 1000°C
Oxidized 6 hrs, 1200°C
%20

Figure 1la. Co-10Cr-1Al: Oxide surface
Internally oxidized 120 hrs, 1100°C
Aluninized 162 hrs, 1100°C
Oxidized 26 hrs, 1200°C
x500
11b. Alloy surface under oxide
x1000

Figure 12. Co-10Cr-1Al: Oxide surface
Aluminjzed 162 hrs, 1100°C
Oxidized 26 hrs, 1200°C
=x1000

Figure 13a. Co-10Cr-1Al: Surface cross-section



Fig. 13a (continued)

13b.

13c.

13d.

Figure 14a.

14b.

1l4c.

Figure 15,

Figure 16a.

16b.

l6¢c.

Internally oxidixed 120 hrs, 1100°C
Aluminized 162 hrs, 1100°C

Oxidized 26 hrs, 1200°C

x1000

Surface cross-section, etched 30 seconds
x180

Surface crocss-section, etched 2 minutes
%580

Oxide underside, etched 7 minutes

x1000

Co-10Cr-1A1: Surface cross-section
Aluminized 162 hrs, 1100°C

Oxidized 26 hrs, 1200°c

%2000

Surface cross-section, etched 2 minutes
x500

Surface cross-section, etched 7 minutes
x1000

Co-10Cr-1Al: Oxide surface
Internally oxidized 120 hrs, 1100°C
Cyclic oxidation, 1200°C

%5000

Co-10Cr-5A1: Sample surface
Aluminized 63 hrs, 1100°C
Oxidized 26 hrs, 1200°C

x200

Oxide surface

%5000

Voids at alloy/oxide interface
x5000
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Figure 17a. Co-10Cr-5A1-1.5Hf: Oxide surface

Aluminized 144 hrs, 1100°C
Oxidized 26 hrs, 1200°C
x200

17b. Surface cross-section
Aluminized 100 hrs, 1100°C
Oxidized 26 hrs, 1200°C
x680

17c. Alloy surface exposed at spalled area
x5000

Figure 18a. Co-10Cr-11A1-0.3Hf: Oxide surface

Oxidized 26 hrs, 1200°C
x440

18b. Voids under oxide
Aluminized 144 hrs, 1100°C
Oxidized 26 hrs, 1200°C
x2000

18c. Spalled oxide/underside
Oxided 26 hrs, 1200°C
x4400

Figure 18d. Co-10Cr-11A1-0.3Hf: Surface cross-section
Aluminized 63 hrs, 1100°C
Oxidized 26 hrs, 1200°C
x1000
18e. Broken off pegs in substrate
x5000
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Figure 19a, Co-10Cr-11A1-1Hf: Jxide surface
Aluminizied 100 hrs, 1100°C
Oxidized 26 hrs, 1200°C
%500

1%b. Surface cross-section
Aluninized 63 hrs, 1100°C
Oxidized 26 hrs, 1200°C
x680

19c. Oxide/alloy surface
Aluminized 100 hrs, 1100°C
Oxidized 26 hrs, 1200°C
x5000

Figure 20. Co-10Cr-5Al1: Oxide surface
Aluminized 100 hrs, 1100°C
Cyclic oxidation, 1200°C
x50

Figure 21a. Co-10Cr-5A1-1.5Hf: Oxide surface
Aluninized 100 hrs, 1100°C
Cyclic oxidation, 1200°C
%200

21b. Surface cross-section
x680

Figure 22a, Co-10Cr-11A1-0.3Hf: Sample surface
Aluminized 100 hrs, 1100°C
Cyclic oxidation, 1200°C
=500
22b. Oxide layers
Aluminized 63 hrs, 1100°C
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Fig. 22b (continued)

Cyclic oxidation, 1200°C
%5000

22¢. Surface cross-section
Aluminized 63 hrs, 1100°C
Cyclic oxidation, 1200°C
%1000

Figure 22d. Co-10Cr-11A1-0.3Hf: Surface cross section, etched 1 minute
Aluminized 63 hrs, 1100°C
Cyclic oxidation, 1200°C
%500
Z2e, Voids at alloy/oxide interface
Aluminized 144 hrs, 1100°C
Cyclic oxidation, 1200°C
x4800

Figure 23a. Co-10Cr-1:Al-1Hf: Oxide surface

Cyclic oxidation, 1200°C
%500

23b. Surface cross-section, etched 7 minutes
x500

23c. Broken pegs in substrate
Aluminized i00 hrs, 1100°C
Cyclic oxidation, 1200°C
x5000

Figure 24a. Co-10Cr-5A1: Sample surface
Aluminized 144 hrs, 1100°C
Oxidized 344 hrs, 1200°C
x50



Fig. 24 (continued)

24b.

Figure 25a.

25b.

25¢c.

Figure 25d.

25¢e.

Figure 26a.

Alloy surface

Aluminized 100 hrs, 1100°C
Oxidized 344 hrs, 1200°C
x1000

Co-10Cr-5A1-1.5Hf: Oxide surface
Aluminized 100 hrs, 1100°C
Oxidized 344 hrs, 1200°C

x920

Surface cross-section

Aluminized 63 hrs, 1100°C

Oxidized 344 hrs, 1200°C

x40

Surface cross-section, etched 7 minutes
Aluminized 100 hrs, 1100°C

Oxidized 344 hrs, 1200°C

x520

Co-10Cr-5A1-1.5Hf: Surface cross-section
Aluminized 144 hrs, 1100°C

Oxidized 344 hrs, 1200°C

x600

Broken peg with metal exposed

%2000

Co-10Cr~11A1-0.3Hf: Cxide surface
Aluminized 100 hrs, 1100°C
Oxidized 344 hrs, 1200°C

x500
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Fig. 26 (continued)

26b. Oxide/metal surface
Aluminized 63 hrs, 1100°C
Oxidized 344 hrs, 1200°C
%1000

26c. Voids at alloy/oxide interface
Aluminized 100 hrs, 1100°C
Oxidized 344 hrs, 1200°C
%5000

Figure 26d. Co-10Cr-11A1-0.3Hf: Oxide underside (etched 7 min
Aluminized 63 hrs, 1100°C
Oxidized 344 hrs, 1200°C
x 1100
26e. Surface cross-section, etched 7 minutes
Aluminized 100 hrs, 1100°C
Oxidized 344 hrs, 1100°C
%1000

26f. Surface cross-section, etched 7 minutes
Aluminized 144 hrs, 1100°C
Oxidized 344 hrs, 1200°C
%300



Figure 27a.

27bl

27c.
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Co-10Cr-11A1-1Hf: Oxide surface
Aluminized 100 hrs, 1100°C
Oxidized 344 hrs, 1200°C

x200

Oxide underside/pegs, etched 7 minutes
Aluminized 344 hrs, 1200°C
Oxidized 344 hrs, 1200°C

%920

Metal surface with broken pegs
Aluminized 144 hrs, 1100°C
Oxidized 344 hrs, 1200°C.

x5000

Figures 28 through 32.
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50 60 70 80 90 100
[InOx= internal oxide] Co(at.%) Spinel CoO+In Ox

Fig. 1
XBLB0O5-1086



-59-

Fig. 2

Fig. 3 XBB 805-6889
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Fig. 10 XBB 805-6565
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Fig. 19c¢ XBB 805-6868
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Fig. 21b XBB 805-6882
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