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ABSTRACT

ELEVATED-TEMPERATURE FRETTING AND OXIDATION PROCESSES
OF NICKEL-BASE SUPERALLOY TURBINE BLADE ATTACHMENTS

By

Kim K. van den Ende

Fir-tree turbine blade attachment specimens of Mar-M 247
DS, a directionally solidified Ni-base superalloy, were fatigue
tested in air to failure at 650°C. With a new replication
technique, Reprosil/Spurr’s resin, negative replicas were
periodically produced throughout the fatigue lives. Positive
resin replicas were analyzed with scanning electron microscopy
to study surface reactions in the attachment areas during the
simulated service conditions. Microstructures and fracture
characteristics were examined to help correlate surface

phenomena with the fatigue failure mechanisms.

Two surface-changing features were identified on the
fir-tree attachment replicas which influenced the fatigue
failures. 1. Extensive fretting wear ococurred on the contact
regions, with spherical fretting debris and oxide "glaze"
development. 2. Brittle "polyp™ phases containing micro-cracks
developed and were found to be the product of preferential
oxidation of carbides. The resulting failure of the specimens
was due to fretting fatigue with the fatigue cracks initiating
from the oxide polyps and propagating from near the fretted

slip/no-slip boundary.
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CHAPTER 1

INTRODUCTION

The demand for increased fuel efficiency of jet turbine
engines has been achieved through the development of improved
materials which allow for increased operating temperatures.
This increase in service temperature is paralleled with in-
creases in mechanical stresses, thermal cycling and environ-
mental attack. One such material advancement is the development
of columnar grain (CG) and single-crystal (SC) turbine blades
through directional solidification (DS). Polycrystalline
directionally solidified blades have longitudinal columnar grain
structures with grain boundaries parallel to the major stress
axis, and with essentially no grain boundaries normal to the
main load. Grain boundaries are sources for sliding, void
formation and crack initiation during deformation. Direction-
ally solidified materials are highly anisotropic and display
superior fatigue and creep resistant properties compared with
conventionally cast materials. Directionally solidified single-
crystal blades contain no grain boundaries and have the best

over all properties. --

A major problem associated with directionally solidified
1
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turbine blades, similar to those of conventionally cast alloys,
is the fracture of the blade in the attachment area. When the
failure is in the blade attachment area the entire blade breaks
off and causes serious engine damage. Turbine engine damage,
which has been caused by attachment fractures, has made it
necessary to investigate the physical metallurgy and mechanical
properties of attachment areas. Although this area of research
is new, one approach to the problem is to produce attachment
specimens and employ a replication technique to record physical

changes occurring during simulated service test conditions.

The common replication technique used in materials science
research involves cellulose acetate replicating tape, which is
small (1 inch wide), brittle, and tends to warp when the tech-
nique is applied to curved or notched surfaces. These features
can have very undesirable consequences when replicating surfaces
such as those of attachment areas. To overcome these problems
a new two-stage replication technique, employing Reprosil dental
impression medium and Spurr’s low-viscosity resin, has been
examined and evaluated in its ability to replicate large curved

surfaces.

To investigate failures in attachment areas, fir-tree
attachment specimens and loading grips were produced. The
specimens were fatigue tested in air at 650°C. The objectives
of this research were to produce replicas of the fir-tree areas

periodically throughout the fatigue lives. Then with the
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replicas, study the surface reactions occurring in the attach-
ment areas during the simulated service conditions, and to

correlate the surface phenomena with the fatigue failure

mechanisms.



CHAPTER 2

LITERATURE REVIEW

The following literature review covers several topics
pertinent to this research project. Subjects such as Ni-base
superalloys, directional solidification, fatigue, fretting and
replication are covered for the benefit of those who might not

have background knowledge on these fields.

2.1 HYSICAL METALLURGY OF NICKEL-BASE SUPERALLOYS

The physical metallurgy of nickel-base superalloys is
complex, subtle, and sophisticated. These alloys exhibit out-
standing high-temperature mechanical strength and corrosion
resistance. Nickel-base alloys have been used in service temp-
eratures up to 0.8T, (1), where Tn is the absolute melting
temperature of the alloy. The high-temperature strength
properties which make these materials "super" alloys are
associated with the unusual behavior of maintaining a constant
(or increasing) flow stress with increasing temperature, up to
approximately 1400°F. The phases and effects of alloying

elements are summarized below.



2.1.1. Matrix (Gamma)
The continuous matrix is an FCC nickel-base austenitic
phase, which contains a high percentage of solid solution

elements such as cobalt, chromium, molybdenum, and tungsten (2).

2.1.2 mma Prime (V')

The intermetallic phase gamma prime (Y’) is an ordered
precipitate which binds coherently to the matrix. Gamma prime
has the approximate chemical composition Ni;(Al,Ti) and has an
Ll; structure with nickel atoms occupying the face centers and
aluminum and titanium atoms occupying the cube corners. The
nickel can be substituted to some extent by chromium, cobalt,
molybdenum or vanadium and the aluminum and titanium can be
substituted by niobium, molybdenum, chromium, vanadium and
tungsten depending upon alloy composition (3). Single phase Y’

remains ordered up to its melting point (4).

2.1.3 Carbides

The role of carbides in superalloys is complex and dynamic
(5). Detrimental and beneficial effects have been associated
with carbides, but in general carbides are incorporated to
increase the stress-rupture properties at elevated temperatures
by preventing grain boundary sliding. The most common classes

of carbides found in nickel-base superalloys include MC, M.;C,



and M,C types.

MC-type carbides usually have a coarse random cubic or a
chinese-script (rosette) morphology. They are believed to form
shortly below freezing as discrete particles distributed both
intergranularly and transgranularly (6), and are often found
interdendritically. These primary carbides are FCC in struc-
ture, very strong and very stable. There is a preferred order
of formation for these carbides which has been found empirically
to be HfC, TaC, NbC, TiC and VC, in order of decreasing stabil-
ity (5). Less reactive elements such as Mo and W can also be
found in these carbides. Script-type MC carbides in the grain
boundaries are known to deteriorate the tensile ductility
because they provide crack initiation sites as well as crack

propagation paths (7).

Carbides of the M.;C,-types usually occur as irregular
discontinuous blocky particles along grain boundaries. These
M23C, carbides have complex cubic structures. Continuous and/or
denuded grain boundary M.;C, carbides can adversely affect
ductility and rupture life (5). These carbides form during
lower-temperature heat treatment and service (1400-1800 °F,
760-980 °C), both from degeneration of MC carbides and from
soluble carbon residual in the alloy matrix (5). In contrast
the discontinuous M;;C,-type carbides located at grain
boundaries are found to have a significant beneficial effect on

rupture-strength, as the discrete particles "pin" grain
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boundaries and prevent elevated-temperature grain boundary
sliding (8). Eventually, however, these carbides are also
responsible for the initiation of rupture failures through
either their fracture or by decohesion of the M,;C,/matrix
(gamma) interface (5). Cellular structures of M,;C, are
deleterious phases but can be avoided by proper chemistry and

heat treatment control.

M,C-type carbides can precipitate in blocky form at grain
boundaries, and rarely in deleterious Widmanst®ten intergran-
ular morphology at higher temperatures (1500-1800°F, 814-980 °C).
They have complex cubic structures and usually form where
refractory metal content is high. Typical formulas include
(Ni{,Co)s MosC and (Ni,Co):W.C, but a range of formulas from M;C
to MisC have been associated with the M,C-type carbides (5).

M,C is more stable at higher temperatures than M:;;C,.
During heat treatment and service, MC carbides can decom-
pose initiating several important reactions. The dominating

carbide reaction is believed to be the creation of M.;C, and is

represented by the following reaction:

MC +Y — M,sC, + VY°'.

Similarly M,C can form:

HC*Y-’H.C+Y’.
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M,C and M.;C, can also interact:

M,C + M «—» M;;C, + M".

These reactions are based on strong empirical evidence (5).

Most beneficial is the reaction ylelding M:2;C, carbides at grain
boundaries. As mentioned previously, these carbides inhibit
grain boundary sliding and the Y’ generated through this reac-
tion surrounds the carbides and the grain boundaries in a rela-
tively ductile creep-resistant layer (5). It should also be
noted that M,;C., contain large amounts of chromium, hence the
surroundings become Cr-depleted during the development of these
carbides, giving rise to initiation points of stress-corrosion

cracking (7).

Because of the reactions stated above, the distribution and
morphology of M;;C, and M,C depend largely on the primary MC
formed. Thus the control of the morphology and distribution of
MC carbides is important for the development of superior mech-

anical properties.

2.1.4 Qther Phasgses (TCP, Borides)

Borides of the M;B;-type usually form in Ni-base super-
alloys. This type of boride is hard and the morphology varies

from blocky to half-moon shaped. Borides supply boron to the
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grain-boundary, where it reduces the onset of grain boundary

tearing under rupture loading (5).

Topographical Closed Packed (TCP) phases (Sigma and Muw
have topographically closed packed layers of atoms. These
phases are detrimental to mechanical properties. The TCP phases
appear as thin plates, often nucleating on grain boundary car-
bides, which have similar crystal structures. The structure of
sigma is similiar to M;;5C, -type carbides, and Mu to M., -type.
The extensive plate-like morphology is a detrimental source of
crack initiation and propagation leading to low-temperature
brittle failures (5), and to severe loss of rupture strength at
elevated temperatures. To avoid the formation of these phases
through chemistry control PHACOMP (for phase computation), a
computer composition calculation method, can successfully be

applied in alloy design (8).

2.2 STRENGTHENING MECHANISMS OF NICKEL-BASE SUPERALLOYS

2.2.1 Solid-Solution Strengthening

Nickel-base superalloys are strengthened through solid-
solution strengthening in which alloying hardens both the matrix
(y) and the precipitate (Y’). The degree of hardening is re-
lated to the lattice strain and the electron vacancy number, N,

(5). Y/Y’ modulus mismatch and short range order are also
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suggested contributing factors to the degree of hardening (10).
The effect of solid-solution strengthening is temperature
dependent; as diffusion becomes important at elevated temper-
atures (0.6 Tn) the slower diffusing elements, i.e. Mo and W,
become the most effective hardeners (11). Elements strengthen-
ing the matrix are: Ti, W, Mo and to a lesser extent: Cr, Fe,
Cu and Co. Elements strengthening the Y’ are: Cr, Mo, Ti and

Si ().

2.2.2 Precipitation Strengthening

Precipitation strengthening is the most important
strengthening mechanism in Ni-base superalloys, and is dependent
upon the alloy composition and structure. In these Y/Y’ alloys,
factors influencing the amount of strenthening include: the size
of the precipitate particles (Y’), the flow stress, the anti-
phase boundary energy (discussed in the section on deformation),
the volume fraction of the yY', and the coherency strain (or
misfit) between the Y and the y’' (11). Depending on the in-
dividual composition of the Yy and y’, the lattice parameters
will vary. When the Y' precipitates with a different lattice
parameter than the matrix then lattice mismatch (and mistit

strain) develops. This lattice mismatch is expressed as:

5= 2(Ay’ - Ay)/(Ay’ +Ay)

where Ay’ is the lattice parameter of the Yy’ and Ay is the
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lattice parameter of the Y (4). Small mismatch and small
precipitate size tend to form spherical Y’, whereas large

mismatch and large precipitate size tend to form cuboidal Y’.

Gamma prime has an anomalous increase in flow stress with
increasing temperature, which is important in the unique pre-
cipitation strengthening of these complex alloys. During de-
formation of Ni-base superalloys when dislocation movement is
obstructed by the presence of precipitates, for dislocation
movement to continue the dislocation must either bypass the
particle or move through it by particle shear. When the dis-
locations are forced to pass through, or shear the precipitates,
the strengthening mechanism is similar to that of ¥’. The
dislocation interactions which strengthen these alloys are
described in the section on deformation of Ni-base superalloys
(section 2.3). In general, particle shearing by dislocations is
favored by large volume fraction (V,) y’, small interparticle
spacing as well as small mismatch (11). For a given Y’ volume
fraction, increasing the particle size either during heat
treatment or from coarsening during service corresponds to
increased interparticle spacing and a tendency for bypass

mechanisms (11) and a corresponding weakening of the alloy.
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2.3 ATION M ANISMS IN NICKEL-BASE SUPERALLOY

The yield strength of high volume fraction Y/Y’ superalloys
remains approximately constant (or slightly increases) from
room temperature to approximately 750 °C (1400 °F), the exact
temperature depending upon the composition of the alloy. This
unusual strength and temperature relationship is due to the

drastic increase in the strength of the Y’ with temperature.

At low temperatures (up to ~“750°C) these Ni-base super-
alloys generally deform by shearing of the Yy’ precipitates by
planar, heterogeneous slip of dislocations (12). Dislocations
shear the Y’ precipitate by pairs of a/2 <110> dislocations on
{111) planes. These superlattice dislocation pairs (or super-
dislocations) occur because upon entering the ordered precipi-
tate a dislocation disorders the structure, creating a region of
antiphase boundary (APB) and thus a high energy state. The
second dislocation then reorders the precipitate atomic arrange-
ment eliminating the APB and consequently lowering the energy
state. The creation and annihilation of an APB is illustrated
in Figure 1 (9). The superlattice dislocation pair distance is
balanced by minimizing the area of high energy antiphase bound-
ary and maximizing the elastic repulsion of the dislocations.

The a/2 <110> dislocations themselves may be further separated
into partial dislocations. The APB energy plays an important
role in deformation mechanisms. The influence of the Y/Y’

mismatch is an important consideration in determining the
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mechanical properties of a Ni-base superalloy. If the VY’ is
precipitated such that misfit dislocations are not formed, the
resulting coherency strains contribute to the APB order
hardening of the Y’. This is important up to at least 0.5 T,

where non-diffusional deformation mechanisms predominate (4).

The anomalous increase in flow stress with temperature
exhibited by Y’ and its alloys (and the subtle variations in
flow stress with direction and sense of applied stress) can be
explained in terms of "pinning" of dissociated screw dislocation
pairs by cross slip from {111} into {010} cube planes (13).
Similar flow stress behavior of high volume fraction Y/y’
superalloys can be explained by the same cross-slip model. This
cross-slip mechanism is a thermally activated process which is
driven by the lower APB energy of {001} a/2 <110> displacement
relative to the (111} a/2 <110> displacement. Screw disloca-
tions which cross-slip onto the (001} cube planes at intermedi-
ate temperatures (“<750°C) become immobile. Similarly, disloca-
tion pairs of edge or mixed character can take up lower energy

configurations by climb (38).

The drop in yield strength at higher temperatures (750 °C)
is due to a change in the deformation mechanism from particle
shearing to particle bypass and shearing. This may be ascribed
to the onset of cube slip (a decrease in the cube plane friction
stregs) (13). The exact deformation mechanism followed, and the

temperature dependencies will be governed by the composition and
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structure of the alloy. Whether the Y’ is sheared or bypassed,
at high temperatures the associated deformation mechanisms are
non-planar and very homogeneous due to the effects of easy
cross-slip, climb and slip onto multiple systems (14). The
temperature above which the critical resolved shear stress
(CRSS) begins to drop is a function of the stress axis orient-
ation, this is due to deformation orientation dependence.
Deformation in the two phase superalloys is complicated by the
presence of Y/Y' interfaces and variations in the size, distri-

bution and morphology of the Y’ phase (13).

2.4 CROSTRUCTURAL INSTA ITIES

Since superalloys are very complex, they are not in thermo-
dynamic equilibrium, elevated temperatures and/or high mech-
anical stresses can cause microstructural changes. One such
change has already been discussed, that is the breakdown of
primary MC carbides in the reaction: MC +Y —M,;C, + Y'. The
matrix stability decreases as Co, W, Mo, Ta and Cr increase in
the matrix. This is due to the increased tendency to form
detrimental TCP phases, when the material is alloyed beyond its
solubility limits (4). Another instability reaction which can

take place is the coarsening (ripening) of the Y’ precipitate.

Elevated service temperature will cause the Y’ precipitate

to coarsen, or increase in size (5). Isothermal coarsening
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results in the development of rods or plates aligned along the
cube direction on a local scale, with a decrease in short range
elastic strain and system surface energy (4). Coarsening of
this type results in increased interparticle distances which
allow dislocation bypass mechanisms to operate instead of
particle shearing. This coarsening is detrimental to the
strength properties (15). The stability of the Yy’ size and

shape is related to the mismatch, temperature and stress (4).

The sense and size of the mismatch is dependent on the
alloy composition, and temperature of the alloy (the thermal
expansion of the Y'<VY) (4). Negative mismatch leads to the
development of plates, whereas a positive mismatch tends to
develop rods. Plates are more desireable than rods (4). As
previously mentioned, misfit coherency strains have important
strengthening effects in ¥Y’'. But it is also known that strong
coherency strains (large mismatch) are the driving force for
coarsening (4, 5), and that minimizing this coarsening will help
to retain long time creep resistance and strength properties
(5). Scarlin reports (15), for fatigue testing of Ni-base
gsuperalloys (IN 738 & IN 839) before and after high temperature
exposure, the coarsening caused a decrease of approximately 25%
in the hardness and ductile tearing along softened grain

boundary zones of coarsened Yy’.

A beneficial effect of ¥’ coarsening occurs when rafting or

fine lamellar ¥’ structures are produced during coarsening under
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an applied load, or strain-aging (4, 16). The rods or plates
align perpendicular or parallel to the direction of applied
stress, depending on the crystalline orientation and sense of
misfit. When the lamellar structure is perpendicular (rafting)
to the applied stress, dislocation blockage occurs and particle
cutting must take place (4, 14, 16). Excellent long time creep-

registance has been achieved by strain aging superalloys (42).

2.5 OXIDATION OF NI-BASE SUPERALLOYS

Elevated-temperature oxidation resistance in superalloys is
based on selective oxidation (17, 18) processes in which very
s table oxide layers develop, preventing further oxidation. The
Surface stability is critically dependent upon forming and
ma intaining continuous, protective oxide scales on the surfaces
OFf these alloys. Degradation is therefore dependent on factors
€t hat damage these scales and mark their subsequent redevelopment

i o probable (19).

Superalloys can exhibit a wide range of oxidation behavior,
buat generally can be categorized as either chromia formers
<, Os) or alumina formers (Al:0;) depending primarily upon the
.‘lloy composition (18, 19). Whittle (18) summarizes that
N“base superalloys will be chromia formers if there is greater

t'hath or equal to 15% Cr and less than or equal to 5% Al, and

8lumina formers for alloys with greater than 5% Al and greater
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than 5% Cr. Felix (20) states that the type of scale formed

depends primarily on the Cr/Al ratio. He suggests that 4 is the

critical ratio of Cr/Al, above which chromia forms. For Mar-M

247 this ratio is 8.25/5.5 = 1.50, making it primarily an
alumina former. This is consistent with oxide scales on Mar-M
246 (a sister material to Mar-M 247 with a Cr/Al = 1.50 also),
which were found to consist of a complex oxide outer layer
(Cr;0; and Al:0;) and an inner layer of Al;0; (18). Felix (20)
also suggests that alloys with the Cr/Al ratio greater than 10
have a tendency for preferential oxidation attack at grain
boundaries, largely due to the grain boundary carbide network
M, ;C,, where M is usually Cr. Alumina scales are typically
considered more oxidation resistant because the chromia scales
become gaseous oxides, or volatile, at temperatures above

approximately 900 C (17, 19), and because of the slower growth

(o x diffusion) rate of alumina (18).

The development of the protective scales are not immediate
(477, 18, 19). Transient oxidation in which less protective

© > ides of essentially every reactive component forms first. The
C © mntinuous protective scales formed beneath the transient oxida-
tfon products. This is shown schematically in Figure 2 (19).
The products which form vary depending upon the underlying

Phages. In general, increased formation of transient products

\.st to poorer oxidation resistance.

Not all phases in superalloys are chromia or alumina
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Figure 2. Schematic diagram i{llustrating the sequence of steps
that take place during the development of NiO (Group
D, Cr; 05 (Group I and Al;Os (Group III) scales on
Ni-Cr-Al alloys. The amount of transient oxides
formed prior to the development of a continuous layer
of a given oxide depends upon the alloy composition
19).
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formers. Those phases which do not have sufficient concentra-
tions of Al or Cr are preferentially attached. Pettit and Meier
(17) conclude that in all superalloys, carbides, when present,

are preferentially attacked (17). The only protective scale

that can be formed over the carbides is chromia and often this
scale is not protective due to cracking (17). Carbides in
superalloys are therefore sites of excessive oxidation. Harris
et al have postulated that DS CM 247 LC, a chemically modified
form of Mar-M 247, may show some advantages in terms of coating
life due to smaller script-type carbide colonies compared to DS
Mar-M 247. These carbide "rosette” patterns are often associat-

ed with coating breakdown (21).

Cyclic oxidation conditions, whether due to cyclic temper-
atures, thermal stresses, and/or cyclic wear conditions can
result in a breakdown of the continuous protective scale. The
scale can become cracked, with spalling (17, 18, 19) and
Physical wear removing the protective oxide scale. Under the
& ppropriate conditions the scale builds up again and under
Cyclic conditions is then removed again. Continuation of these
Processes eventually causes a depletion of the Cr and Al in
these regions to the extent that the protective scales can no
longer be redeveloped and more rapid, less protective oxidation
Tesults (17, 18, 19). The eventual depletion lof the Cr and Al
Tesgults in a zone denuded in Y’ beneath the oxide scale (19),

which weakens the material (18).
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Internal oxidation, either preferential phase or grain
boundary oxidation, is a problem because it reduces load bearing
capacity and imposes stress concentrators. Grain boundary
oxidation processes have been major problem areas in elevated-
temperature fatigue testing; the fatigue crack propagates

intergranularly at a faster rate than it does transgranularly.

Two possible mechanisms of environmental damage include,
the formation and cracking of an oxide, and the embrittlement of
boundaries through oxygen accumulation (22). Grain boundaries
are the easiest paths for oxygen to move along (23). Rather
than oxide cracking, it is possible for crack formation to occur
as a result of oxygen pick up and subsequent embrittiement of
grain boundaries. This macroscopic oxidation occurred after
microcracks had formed (22). Cracking is fundamentally associ-
ated with environment. A study of dynamic environmental inter-
&actions would appear to be important in order to give a better
understanding of high-temperature low-cycle fatigue (HTLCF) in

N1i-base alloys (22).

Elevated-temperature diffusion coatings, or "aluminized"
&|110ys are covered widely in the literature (24, 25). These
treatments are based on creating a high concentration of Al on
the surface (i.e. as NiAl) which then forms an aluminum-rich
Oxide. [f the high-temperature coatings are not adequately
Suited for the system, they can decrease the fatigue life by

Cracking and introducing early crack initiation sites on the
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specimen.

2.6 DIRECTIONAL SOLIDIFICATION

The theory of solidification and structure control of
superalloys is covered by Cole and Cremisio (6). They define an
interface shape determiner (ISD) which is described by the

equation:

ISD = G/V - FR

where G is the temperature gradient in the liquid at the
interface, V is the freezing rate, D is the diffusion
coefficient of solute in the liquid and FR is the freezing
range. When ISD is positive, the interface between solid and
liquid is basically smooth and plane front growth occurs, when

ISD becomes negative dendrites evolve.

Most superalloys freeze over a large freezing range
(ISD<K0) such that the cast structure is inherently dendritic.
A dendrite is composed of a primary arm, and crystallographic-
& lly similar secondary and tertiary arms, etc. In FCC alloys,

Qendrites grow in the <001> directions.

The complex segregation pattern associated with dendritic
€rowth is one of the pervading features of superalloy solid-

ification. Solutes that lower the melting point of the alloy
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(i.e. Cr, Al, Ti, Ni, C) segregate to interdendritic regions,

and solutes that raise the alloy melting point (W, Co, Ta, Hf)
solidify within the dendrite center, leaving the interdendritic
regions low in these elements. The proposed solidification
sequence as shown in Figure 3 (26), illustrates the segregation
associated with dendritic growth, carbide formation and eutectic
formation. A detrimental feature of intergranular segregation
occurs when segregates form nearly continuous layers of second
phases; these boundaries can be readily fractured during an

applied stress (6).

Directional solidification (DS) component casting
technology was pioneered by Pratt & Whitney Aircraft and was
developed to achieve significant increases in creep strength
(temperature capability), thermal fatigue properties and
component durability (21). These columnar grained dendritic
castings eliminate the inherent defects which are assoclated
with grain boundaries oriented normal to applied stresses.
Columnar grains develop under conditions of relatively high
thermal gradients and the flow of heat is unidirectional from
the liquid through the solid (grain nucleation is prevented in
the bulk liquid). For DS columnar grain castings the heat-flow
direction must be oriented axially (6). The formation of
Columnar grains with [001] orientation, and the principle of
directional solidification are shown is schematically in Figures

4 (9) and 5 (27).
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Creep voids form around M;;C, carbides on grain boundaries

nnormal to the stress axis (6). When these grain boundaries are

s bsent the creep resistance is improved. Thermal fatigue resis-

tance is improved because the Youngs modulus (E) is approximate-

1y two thirds that of conventionally cast alloys of the same

ma terial, hence the thermally induced stress is less; Ao0=EaT,

where a is the coefficient of thermal expansion and T is the

t @emperature (28). Oxidation and hot corrosion resistance is

improved because grain boundaries are paths of preferential

& t tack and have high diffusion rates. Directional solidifica-

t1ion is beneficial in thin walled castings where the rupture
11 fe of conventionally cast (CC) alloys decreases with
d e creasing section thickness (modern cooled turbine blades) as

the probability increases that a transverse grain boundary may

& x tend through the specimen thickness (28). In CC materials,

< x ack growth rates normal to the solidification direction are

¥ ©und to be much higher.

Single-crystal materials have the best properties since all
& x~ain boundaries can be eliminated, and the grain boundary
= Trengthening elements (C, B, Hf, Zr) can also be eliminated.
These elements are melting point depressants, hence higher solu-
t1onizmg temperatures can be used (29); and the ¥y’ can be

Q'bmplotely dissolved and re-precipitated as a fine dispersion

S ® Y’ 16). Coarse Yy’ particle sizes result in a significant

T @duction of rupture strength (29) and other properties al-

Teady mentioned. Higher service temperatures can also be used,
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increasing the efficiency of the system.

2.7 RETTING

Fretting is a process in which material is removed from one
or both of two contacting surfaces when the surfaces undergo
cyclic tangential displacement with respect to each other (30).

A ccumulation of fretting debris is one of the distinguishing
Teatures of fretting wear (31,32) and accounts for the majority
O Ff surface damage (33). This wear debris is heavily work

ha rdened and oxidized; a condition that results in three-body
& brasion (31, 32). The roughening of the metal itself that is

& =m gociated with the fretting product, may vary from patches of
M icroscopic pits to large, shallow abraded areas (34). The main

d-mage of fretting is usually the degradation of the surface

T inish and/or the initiation of fatigue cracks (30).

Fretting involves a number of factors such as contact
© etween surfaces, frictional effects, adhesion, wear, surface
r-tigue, stress concentrations, corrosion and environmental
= gfects, all of which are major subjects in their own right
5. Fretting wear processes are extremely complex (31, 36)
¥ nd not well understood (30), especially at elevated tempera-

T ures. Several important fretting theories have been reviewed

by Hoeppner (37). Fretting theories include "molecular

|™Attrition”, cohesion, adhesion, chemical and mechanical abrasion
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(31). Barwell (38) concludes that fretting is initiated by
sdhesion, amplified by corrosion and has its main effect by
abrasion. Hurricks (31) describes the mechanisms of fretting
t o occur in three stages: an initial stage of adhesion and metal
4t ransfer, a second stage of debris generation of a mechanico-
chenical nature, and finally a steady-state stage of disinte-

g ration and dispersal of zones affected by initial stages,

resulting in a mixture of debris and metal in wear contours.

Hondros (39) discusses the Bowden-Tabor theory of friction
which attempts to explain the initial stage of fretting,
& dhesion and metal transfer. Practical surfaces are usually
<o wvered by oxide films and are of such roughness on the atomic
WMcale, that only a tiny fraction of the contacting area
<approximately 1/1000) at the peaks of asperities is the real
& xr ea of contact (39) and is subjected to powerful adhesive
T orces (32, 40). When the load is borne by a few asperities the
1 O calized pressures are so great the summits of the asperities
| xe deformed plastically. Pressure welding occurs to produce
tiny continuous metallic junctions between the surfaces (39).
'I‘...‘. metal-to-metal junction is sheared by frictional motion and
;™ gpall fragment becomes attached to the other surface. Sliding
<= ccntinues and the fragment is transferred again, increasing in
™ % ze (38). This element grows to a size that supports the load,

bQccmaiﬂg the only contact and continuing to grow.

One of the interesting forms of wear debris found in
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certain fretting situations is spherical particles. Hurricks

(41) states that it is somewhat surprising that the character-
istically non-uniform processes and continuously variable
conditions that exist at interacting surfaces during fretting
s hould produce anything as geometrically near-perfect as

s pheres. Yet there are a number of reports in the literature
de tailing the occurence of spherical wear debris (38, 42-45).
Hurricks (41) concludes that spherical particles can form
during fretting wear if the appropriate experimental conditions
Prevail. Typically an adhesive situation is required and an
& 1 ternating form of deformation initiating the formation and

& rowth of the spheres, either at the specimen surfaces or within
tears or fissures, is present in the adhesion zones. The larg-
© 5 ¢t spherical particles were found at higher fretting tempera-

tures, where the wear surfaces develop into a more plastic state

Lamnder the applied fretting conditions (440 & 500 C, mild steel

C«q 4y,

High temperatures can be achieved during sliding between
"™ @tal surfaces and localized "hot spots"” have been proven (39).
‘\a energy is dissipated under fretting conditions, plastic de-
by < rmation has been seen and increases in local temperatures have

ern suggested which may amount to several hundred degrees cent-

1erde (35). Barwell (38) describes the "flash temperature™ to

be the excess in temperature, caused by friction, over the bulk

temperature. The high temperatures which may arise at fretting

Contacts can promote surface oxidation (31) or change the nature
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of the oxide (36).

As previously mentioned high-temperature oxidation
resistant superalloys and other alloys (32, 39) at elevated
temperatures form protective adherent oxide films (46).
Initially the surface formed oxide prevents metallic contact and
aadhesion (31), thus reducing the coefficient of friction. If
the fretting amplitude is large enough the oxide layer can be
disrupted (31). The rate of repair of the oxide is thus
important and this depends on such conditions as temperature,

T r equency of fretting motion and nature of the environment (47).

For Ni-base alloys, a temperature has been found above

W hich there is a reduction in the coefficient of friction and a
< orresponding lowering of the wear rate (47, 48). Wood et al
C<4 8) attributes these reductions to the formation of a "glaze"
ST the rubbing surface. The appearance of the "glaze" was
R @scribed as showing many distinct, well formed small abrasion
& xooves in the main load bearing areas, parallel to the sliding
RAKrection. The "glaze"” had a glassy appearance, but displayed a
> @]] defined electron diffraction ring pattern (polycrystal-
l1?\«), and was found to consist of simple oxides. The formation
< ® the "glaze™ is thought to be due to the contact pressures and
high localized temperatures in the load bearing regions, causing
T hernal softening at points of contact between oxide particles
T e@sulting in a sintered compact mass (47). Wood (48) suggests

that the contact pressure and very high localized temperatures
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a ttained in the load bearing regions may even result in melting

at points of contact followed by resolidification. A proposed

mechanism of "glaze™ formation is as follows: initial sliding

occurs with a large amount of tearing and deformation thus

removing the thin oxide layer, then transient oxidation forms

C(aided by plastic deformation); next removal and build up of
t ransient oxides with sliding occurs until a stable oxide layer

is formed, then localized temperatures cause thermal softening

&1ving rise to a thin, physically homogeneous "glaze". Once the

t hermally softened layer is established, a drop in friction

O ccurs; virtually all the surface damage occurs before the

**&1aze" forms (48).

=2.8 FATIGUE

The most common cause of damage to engineering components

A = caused by fatigue (49). Fatigue leads to fracture under

X @peated or fluctuating stresses having a maximun tensile value

X @ss than the tensile strength of the material. Fatigue life

<Nc) is the number of cycles of stress that can be sustained

B yijor to failure for a given test condition. Fatigue tests

. ttempt to simulate stress or strain conditions developed in

@ mchine parts by vibration of cyclic loads (50). Fatigue tests

& re also used to study the effects of oxidation and corrosion,

S urface conditions, temperature, size, and stress concentrations

in relation to the fluctuating loads (50). Fatigue of Ni-base



32

superalloys has been extensively studied. A review of fatigue

behavior in Ni-base alloys is given by Gell and Leverant (51,

o ther reviews are also given (11, 12, 14, 52, S53).

The fatigue process involves the initiation and propagation

Oof a crack or cracks to final fracture. Fatigue cracks usually

initiate at the surface where stresses are highest and corrosion

& nd changes in the geometry exist (54). Fatigue cracks gener-

& 11y propagate in a transgranular manner, but can also propagate
intergranularly. Intergranular cracking usually occurs at
e ]l evated temperatures due to oxidation and diffusional effects

& long the grain boundaries, and is a faster crack propagation

M ode than transgranular cracking.

Transgranular fatigue crack growth is characterized by two

== tages of crack propagation. These two stages are called Stage

X and Stage Il and are shown schematically in Figure 6 (54).
stnge ] mode of crack growth usually initiates at surface

A % scontinuities and grows in a plane of maximum shear stress.
stage I crack growth is generally small, propagating in a zone

S =¥ one or two grains (49). Stage Il crack growth follows Stage

X with the crack propagating along planes of maximum tensile

®= tress.

Transgranular cracking of Ni-base superalloys originates at
T he surface and displays an extensive Stage | crack propagation

Mmode (51). The Stage | cracking in these superalloys usually
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occurs along crystallographic slip planes, due to the deforma-
tion in coarse planar bands. Stage Il cracking is usually
non-crystallographic due to the homogeneous deformation mode and
occurs approximately normal to the stress axis (51). The
fatigue behavior of Ni-base superalloys is related to the
deformation characteristics which are dependent on variables

such as alloy composition, microstructure, strain rate, stress

conditions, and temperature.

2.9 FRETTING FATIGUE

In jet turbine engine blades, a crack initiated from
T retting surface damage may propagate to failure if the alter-
& ting bending stress due to turbine blade vibration is large
< Mough (55). The resulting failure is said to be due to fret-
ting fatigue. Fretting fatigue is defined as the decrease in
1'«atigue life due to fretting surface damage (46). Fretting
ratigue can drastically reduce the fatigue strength (31, 47),
= ith reductions up to 50% being reported by Benson (56).
l§!~etting damage caused by stress risers can cause catastrophic
* milures by fatigue (32). There is very little information
P yblished on fatigue behavior at high temperatures in the
P xresence of fretting. Figure 7 is a systems diagram illustra-

ting the numerous factors affecting fretting fatigue (37).

It is generally accepted that one of the major factors in



34

!

Loeding direction

\ Free surface

Figure 6. Stage | and Stage Il modes of transgranular
tatigue crack growth (54).
FRETTING-FATIGUE
prdorad ENVIRONMENT »| Basic maTERIAL | MECHANICAL,
RESPONSE TO ENVIRONMENT
COMBINED CONTACT AND
) \ CYCLIC MECHANICAL DEFORMATION |/
NORMAL | o ICHEMICAL OR ELECTRO-CHEMICAL Y _ CYCLIC
LOAD FACTORS o LOADING
POTENTIAL STRESS STATE
CURRENT DENSITY STRESS RANGE
PASSIVITY STRESS AMPLITUDE
OXIDE FREQUENCY
TIME SEQUENCE OF LOADING
PITTING
> DISSOLUTION
| EMBRITTLEMENT o] PRODUCT FORM, THICKNESS
I FRICTION I FILM FORMATION GEOME TRY, INSPECTABILITY
> # FRETTING-FATIGUE @

Figure 7. Systems diagram illustrating numerous factors in
fretting fatigue (37).
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the initiation of fatigue cracks during fretting is the presence
of alternating shear stresses in the surfaces arising from
frictional forces associated with oscillatory movement (35).
Maximum frictional stresses on a fretted surface are concentra-
ted at the edges of the contact region, and cracks are generated
near this slip/no-slip area (57). Crack initiation from near

the slip/no-slip boundary is mentioned in several reports (35,
48). A fretting fatigue damage threshold has been reported (37)
above which the fretting contact has little effect on the
subsequent fatigue life. Hoeppner et al (37) states that after
Stage | fatigue crack is initiated from fretting damage, the
fretting plays no further role in the propagation of the fatigue
crack. Yet the environment may influence the fatigue crack

propagation life (37).

Shot peening is one technique commonly used to improve
resistance to fretting fatigue. Shot peening increases the
hardness of the specimens’ surface, depending upon the work-
hardening capacity of the material (55), and introduces
beneficial residual compressive stresses (35, 48, 55, 56).
These residual stresses serve to retard the propagation of
incipient fatigue cracks. Taylor (47) reported that fretting
decreased the fatigue strength by 60%, but that shot peening

gave improvements of 40% on the degradation due to fretting.
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2.10 REPLICATION

A replica is a close reproduction or facsimile of a surface
which is to be examined microscopically when the original
specimen can not be directly studied. Replicas may be taken of
specimens that are: too large to fit into the microscope, too
valuable for direct examination, not able to be removed from the
field, or when observing surface changes over a period of time
(such as recording the progression of wear). Replicas are used
as a form of data storage (58). Replicas are commonly examined
by scanning electron microscopes (SEM) and transmission electron
microscopes (TEM). Since the majority of research conducted in
this thesis relates to replication of surface structures for
scanning electron microscope studies, the following introduction

to replication will concentrate on SEM techniques.

The basic requirement of replication is that the materials
used must accurately reproduce the original surface. Not only
is the reproduction of detail important, but the expertise
required from the operator and the time involved to produce a
replica are considered key factors (59). Characteristics that
a good replicating medium should possess include: good wetting
properties (or low surface tension), rapid polymerization
without shrinkage, easy detachment from the surface without

distortion, and resistance to vacuum, irradiation and heat (60).

Replicas can be single-stage or two-stage. Single-stage
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replicas consist of the impression being made in one step,
resulting in a negative copy. When the negative replica is
examined the image is reversed. This type of image can be very
confusing as both the relief and direction are reversed. Some
SEMs have image inversion, an electronic signal processing

device which can produce the original perspective (60). If the
SEM does not contain this device then a two-stage replica should
be made to display the correct image. A two-stage or positive
replica is made by replicating the negative replica, thus the

negative becomes a mold for the positive.

Two types of replicating media are commonly used for SEM
negative replication. Cellulose acetate replicating tape (also
used for TEM studies) and dental impression media. The cellu-
lose acetate replicating tape is available in roll form from
electron microscope suppliers. The tape is 1" wide with a
variety of thicknesses (0.022 - 0.127 mm). Acetylcellulose
sheets (10 x 12 cm with a thickness of 0.08 or 0.034 mm) may be
used for large areas. Very sensitive elastic dental impression
materials have been developed, are available from dental supply
companies, and have been adapted for materials research.
Impression media have been used for replicating surfaces which
can not be replicated with cellulose acetate, such as very large
surfaces and rough or hard-to-reach surfaces. The techniques
used with these types of replicating media are described in

detail by Gabriel (60).
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The choice between types of replicating media is based on
several factors: fineness of surface structures, size and shape
to be replicated, ease of access, etc. Cellulose acetate,
although limited in size, supposedly has better resolution at
higher magnifications than dental media (60). Yet for two-stage
replicas, Pameijer (59) has introduced a dental precision
impression material, Reprosil, which in combination with low-
viscosity resins has produced superior replicating results over
other techniques. Reprosil is an addition cured vinyl poly-
siloxane elastomeric impression material which is non-toxic and
non-irritant (59). Reprosil will remain dimensionally stable
for several days. This can be important in making replicas
because the time for pouring the positive replica is not
critical. The Reprosil is easily removed from the specimen and
from the positive resin replica, depleting the possible problem
of the negative replica contaminating the positive. Because of
its elastic memory the Reprosil will return to its original
cured state when peeled off undercuts or curved shapes.
Pameijer (59) found the combination of Reprosil and Spurr’s low-
viscosity embedding medium (resin) had the best reproduction of
detail and was the most versatile method tested in a study

comparing replication techniques.



CHAPTER 3

MATERIALS AND EXPERIMENTAL PROCEDURES

3.1 MATERIALS

Fir-tree attachment specimens and loading fixtures
(specimen grips) were produced in the same manner and with the
same geometries as turbine blade attachments and corresponding
disk areas of the F109 jet turbine engine (Figure 8). The
materials were supplied in their finished form by Garrett

Turbine Engine Company, see Figure 9.

The alloy used to make the test specimens was MAR-M 247 DS,
a directionally solidified Ni-base superalloy. The composition
is given in Table 1. Specimens were machined from investment
castings produced by TRW Aircraft Components Group. The fir-
tree attachment shape was produced by very accurately shaped
grinding wheels. The specimens had <001> longitudinal orienta-
tions, with a specified maximum allowable deviation of the
columnar grains from the longitudinal axis of 10 degrees (20
degrees maximum angle on intersecting columnar boundaries). The
cooling rate during crystal growth was not specified by Garrett,

but was reported to be approximately 100°F/minute from the

39
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Figure 8. The F109 jet turbine engine.
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Figure 9. Fir-tree attachment specimen and loading fixtures.
0.4 X
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solution temperature. The heat treatment schedule performed,

simulating blade heat treatment, was as follows:

Solution Treatment: 2230°F for 2 hours, rapid inert gas
cool to below 1800°F, air cool to
room temperature (RT)

Simulated Coating Cycle: 1800°F for 5 hours.

Aging Treatment: 1600°F for 20 hours, air cool to RT

After machining, the entire specimen surfaces were shot
peened to introduce surface residual compressive stresses which

inhibit crack propagation.

The alloy of the specimen loading fixtures was Astroloy;
the composition of which is also given in Table 1. The specimen
grips, or loading fixtures, were also ground to precise toler-
ances, thus duplicating the disks blade receiving geometry. The
heat treatment schedule for the fixtures simulated the disk

heat treatment and was as follows:

Solution Treatment: 1975-2075°F for 4 hours, quench
into molten salt bath at 600-1000°F.
Aging Treatment: 1600°F for 8 hours, air cool to RT,
1800 °F for 4 hours, air cool to RT,
1200 °F for 24 hours, air cool to RT,

1400°F for 8 hours, air cool to RT.
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3.2 SPECIMEN GEOMETRIES

The two-tang (or hook) fir-tree test specimens were
supplied with two different specimen geometries, flat and
crowned. These two test geometries are identical with the
exception of the load bearing surface. The flat geometry
specimens have planar load bearing surfaces, while the crowned
specimens have curved load bearing surfaces. Specimen speci-
tfication (crowned) are shown in Figure 10 (61). Loading
fixtures have planar load bearing surfaces. Their specifica-
tions are shown in Figure 11 (61). The current design geometry
has planes for the load bearing surfaces in both the blade
fir-tree area and the turbine disk attachment area. Theoretical
data compiled by Garrett (65) based on surface stress studies
indicate a possible 10 fold increase in fatigue life for the

crowned geometry.

The specimens and loading fixtures are asymmetric about the
longitudinal or stress axis. The turbine blades, and thus the
test specimens, are designed with the asymmetry to provide an
extended shoulder of supporting material for the trailing edge
of the blades. The hooks of the fir-tree are symmetrical. The

turbine blade asymmetry is shown in Figure 12 (61).
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Figure 10. Specimen specificati