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Abstract

Anomalous rafting is a morphological transformation of the phases
v and ¥' occurring in monocrystalline nickel-base superalloy tur-
bine blades which is observed under the surface of the turbine
blades after service. The origin of anomalous rafting is discussed,
based on microstructural investigations of turbine blades before
and after service and of laboratory samples after shot peening and
ageing. Microscopical investigations are completed with micro-
hardness and X-ray diffraction measurements. Residual macro-
stresses and long-range internal microstresses are discussed as
driving forces of anomalous rafting, induced by the plastic defor-
mation of subsurface layers of the material, e.g. during peening.
Finally, the effect of anomalous rafting is discussed on the basis of
fatigue and creep experiments. ‘

Introduction and Objectives

Rafting of monocrystalline nickel-base superalloys has been inves-
tigated experimentally and modeled in detail in recent years [1,2].
The change of the originally cuboidal shape of the y' precipitates to-
wards a Yy plate structure occurs at temperatures above about
1150 K during deformation or in samples predeformed at a lower
temperature during subsequent (stress-free) ageing treatments [3-
51. In the regime of plastic deformation above plastic strains of &, =
0.001 to 0.002, the orientation of the plate structure depends on the
lattice mismatch & (0 is the relative difference of the lattice parame-
ters of the two phases y' and ) and on the direction of the externally
applied stress ¢. Detailed experimental investigations have shown

that the modification of the internal stress state during deformation
is responsible for the type of rafting observed, i.e. whether the plate
structure has an orientation parallel or perpendicular to the stress
axis [3-6]. Thus, it was shown that the type of rafting is governed
strongly by the sign of the plastic deformation [3-6].

In the hot regions of the airfoils of turbine blades, a y/y' raft struc-
ture develops which has an orientation perpendicular to the stress
axis [7-9], because the lattice misfit of technically applied turbine
blade superalloys is negative at the high service temperatures, and
the external stress axis acting on a blade during service is tensile
due to the centrifugal stresses. In regions near the surface, how-
ever, a different microstructure, called anomalous raft structure,
with an orientation of the plates parallel to the surface has been
found repeatedly [7,8,10,11] which was in some cases attributed to
the influence of a surface coating [10,11].

In the present work, we consider different types of anomalous raft-
ing, occurring in

* real turbine blades during service,

 initially unused turbine blades during ageing and

» shot-peened laboratory samples during ageing.

The origin of anomalous rafting occurring in different cases is dis-
cussed on the basis of microhardness and microfocus X-ray dif-
fraction investigations. Furthermore, its effect on the high-temper-
ature strength properties of nickel-base superalloys is investigated
in fatigue and creep experiments which are part of a more extended
study of the influence of different y/y' raft structures on mechanical
high-temperature properties [12-15].
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Experimental

Material

Turbine blades Three different NiAl-coated turbine blades made of
the nickel-base superalloy CMSX-6 with orientations near [001]
were available ([001] is defined in the following to be that <100>
direction which is nearly parallel to the turbine blade or specimen
axis, respectively). Before the (developmental) coating treatment,
the blades were peened. The following investigations were per-
formed on these standard two-stage heat treated blades: i) one tur-
bine blade was studied in the as-manufactured state. In addition,
sections of this turbine blade were aged under vacuum at tempera-
tures of 1273 K and 1323 K, respectively, for times between 200 h
and 1000 h. ii) The other two turbine blades were exposed to accel-
erated mission tests in a ground-based test engine for different du-
rations (for details see references [8,91; it has to be noted that the
total test times of service in the engine tests were different. The
microstructure of the turbine blade with the higher service time
was described in detail earlier [8,9]). The engine tests were per-
formed under continuous maximum temperature conditions with a
higher temperature than under normal operation of the engine.

Laboratory samples The deformation experiments (i.e. shot pee-
ning, fatigue and creep tests) were carried out on monocrystalline
samples of the nickel-base superalloys SRR 99. The rods were
supplied in the standard state after a two-stage heat treatment.
More details are given in references [14,15].

Shot peening

Shot peening was applied on monocrystalline samples of the
nickel-base superalloy SRR 99 with an orientation near {001}, cf.

. reference [16]. Electrolytically polished rods of 10 mm diameter
and 150 mm length were peened with steel shot of specification
S170, an Almen intensity of 0.42 mmA and a peening coverage of
200 %. After peening, a thin surface layer of about 5 pm was re-
moved electrolytically in order to avoid iron contamination. Subse-
quently, sections of the rods were aged in vacuum at temperatures
between 1173 K and 1353 K for times between 4 h and 300 h. The
microstructure of these samples was investigated by scanning elec-
tron microscopy (SEM).

After preliminary ageing experiments performed on the shot-pee-
ned rods, samples for mechanical fatigue and creep tests were
shot-peened under the same conditions as the rods. Some samples
were aged in vacuum for 24 h at a temperature of 1323 K and
some for 200 h at 1223 K, respectively. These conditions were
found to give an “anomalous” raft structure, as will be shown later.
The second heat treatment was performed to obtain anomalous
rafts without strong coarsening of the y' particles in the bulk of the
samples (the ageing conditions are mentioned in the corresponding
sections appropriately). Most peened and aged samples showed a
recrystallized surface layer, as will be discussed later.

Microcharacterization
Scanning electron microscopy Sections of the turbine blades and

of the laboratory specimens were cut parallel to {100} lattice
planes and polished mechanically up to a final diamond powder
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grade of 1 pm. Subsequently, the sections were etched with a solu-
tion of HyO, HCl, MoO3 and HNO3 which etches preferentially
the ¥' phase and finally sputtered with gold. Scanning electron mi-
croscopy was performed at an acceleration voltage of 20kV in
secondary electron contrast.

Microhardness testing The microhardness after Vickers (HV0.05)
was determined as a function of the distance from the surface on
different shot-peened samples of the nickel-base superailoy
SRR 99. One sample was investigated before ageing, two samples
after ageing under conditions which produced an “anomalous” raft
structure (24 h at 1323 K and 100 h at 1273 K), and one after age-
ing, but without rafting (24 h at 1273 K).

X-ray diffraction The shift of the centre of gravity of X-ray peak pro-
files indicates the effect of residual stresses arising from shot peen-
ing which will be called macrostresses in the following. Such peen-
ing stresses are of biaxial compressive character directly under the
surface of peened samples. They decrease with increasing distance
to the surface. In addition to the peening (macro-)stresses, long-
range internal microstresses acting between the two phases ¥ and '
were investigated. These microstresses which were repeatedly found
(e.g. after creep deformation [17] or in turbine blades after service
[8,9]) cause counteracting shifts of the individual subprofiles of the
phases ¥ and ¥'. Thus, the peak profiles are asymmetric and consist
of two subprofiles. The asymmetry is of opposite character for peak
profiles measured parallel and perpendicular to the deformation axis.

In order to study X-ray peak profiles of the samples with adequate
(high) lateral resolution, a new microfocus synchrotron radiation
X-ray diffraction technigue was applied (for details see [18,19]). A
monochromatic, focussed X-ray beam with a line focus of 2 X
50 umz (wavelength of the radiation A = 0.06886 nm) was used to
study the local variation of the lattice parameter distributions under
the surface of shot-peened samples before and after an ageing
treatment (24 h at 1323 K). The samples were mounted with the
line focus paralle} to the outer shot-peened surface of the samples.
In addition, complementary peak profiles were measured with a
“conventional” double-crystal X-ray diffractometer (wavelength
A =0.15406 nm), cf. [17] which has a focal spot on the sample of
about 0.5 x 0.5 mm?.

Deformation tests

Fatigue Symmetrical total strain controlled fatigue tests were car-
ried out at a temperature of 1223 K at two different total strain
ranges of Ag; = 0.01 and 0.008. Reference samples were tested in
the standard state after electropolishing at both strain ranges (sam-
ples A: Ag, = 0.01 and B: Ag; = 0.008). Additional samples were
tested after different pretreatments: At the larger strain range, sam-
ple C was tested in the shot peened state after removal of a thin
layer by mechanical and electrolytical polishing (approximately
10 um) to remove the roughness; sample D was peened and aged
for 24 h at 1323 K. A thin surface layer of about 30 um was re-
moved, but the sample still showed recrystallized grains on the sur-
face. Samples E and F were aged for 200 h at 1223 K. Subse-
quently, a layer of about 80 pm was removed by electropolishing.
These samples had “anomalous” rafts on the surface without re-
crystallized grains after polishing. Sample E was tested at the
larger and F at the smaller strain amplitude, respectively.



Creep Tensile creep tests were performed on shot-peened samples
with a diameter of 3 mm under a constant stress of 200 MPa at a
temperature of 1273 K up to plastic strains of about 3 %. One un-
deformed reference sample and two shot peened samples after age-
ing at different conditions were investigated.

Anomalous rafting in turbine blades

itial s

Already in the unused (peened and coated) state of a turbine blade
of the superalloy CMSX-6, a small amount of anomalous direc-
tional coarsening with y/y' plates oriented parallel to the surface
was observed beneath the interdiffusion zone between the NiAl
coating and the bulk of the superalloy, see Fig. 1.

Anomalous rafting during service

During service of the turbine blades in a test engine, a change of
the y/y' microstructure occurred in the hot regions of the airfoil at
the leading and trailing edges, and a “normal™ y/y' raft structure de-
veloped with an orientation perpendicular to the [001] blade axis.
Under the surface of the blade exposed to service for the shorter
time, a completely different microstructure with “anomalous”

Figure 1: y/y' microstructure under the coating of an unused tur-
bine blade, nickel-base superalloy CMSX-6. The interdiffusion
zone under the aluminide coating is seen on the left.
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rafts, i.e. y/y' plates with an orientation parallel to the surface, was
observed, as shown in Fig. 2. Such a microstructure, however, was
not found in the second turbine blade with the double service time.

In addition to the anomalous rafts, a ¥’ enriched zone and topologi-
cally closed-packed phases appeared under the interdiffusion zone
between aluminide coating and superalloy material. A more de-
tailed description of the phases occurring under an aluminide coat-
ing was given earlier, e.g. by Moretto and Bressers [10].

Rafting during stress-free ageing

The y/y' microstructure of a section of the unused turbine blade
aged for 200 h at 1273 K is given in Fig. 3. The micrograph shows
a y/y' plate structure in a region of up to 30 pm thickness. The
plates have an orientation parallel to that {100} plane which has
the smallest deviation from the outer surface of the turbine blade.
Similar y/y' morphologies were also obtained after longer ageing
times up to 1000 h or after ageing at a higher temperature
(1323 K). However, it has to be mentioned that the plate structure
shown in the figure was only observed under the convex surface of
the aged turbine blade. Under the concave surface, separate y' par-
ticles of cuboidal shape or coarsened due to the ageing treatment
persisted up to the ' enriched zone.

Figure 3: Microstructure of a specimen of the unused turbine blade
(nickel-base superalloy CMSX-6) after ageing for 200h at
1273 K.
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Figure 2: y/y' microstructure under the surface of a turbine blade after an accelerated mission test, nickel-base superalloy CMSX-6. On the
left side, the interdiffusion zone under the NiAl coating is visible. Subsequently, a y-enriched zone (with precipitates of Cr-rich and topolog-
ically closed-packed phases) and a zone of “anomalous rafts” follow.
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Shot-peened samples

To obtain information on the origin of the microstructural changes
occurring under the surfaces of nickel-base superalloy turbine
blades during high-temperature applications, samples were investi-
gated after shot peening and after shot peening and an additional
ageing treatment. The results of microstructural investigations, mi-
crohardness tests and X-ray diffraction experiments are presented
in the following sections.

Rafting

After the ageing treatments, some of the samples showed a marked
raft structure under the surface with an orientation of the y/y' plates
parallel to the surface. Fig. 4 shows the microstructure of a sample
aged for 24 h at 1323 K. Directly at the surface, a layer of cellular
recrystallization was obtained. Under this recrystallized layer, a re-
gion with y' particles of unregular shape and a y/y' plate structure
with an orientation parallel to the surface follow. In the bulk of the
samples, cuboidal y' particles were still present. Due to the ageing
treatment, these y' particles were coarsened. In those regions with
an orientation of the surface of the rods parallel to {110}, the y/y'
plates had orientations parallel to both corresponding {100} lattice
planes. A summary of the cases of anomalous rafting occurring
during ageing for different times at different temperatures is given
in Table I. It is clear that the process of rafting occurred after
shorter times at higher temperatures (e.g. after 4 h at the highest
temperature of 1353 K) than at lower temperatures. At the lowest
temperature of 1173 K, only a small amount of rafts was found af-
ter 300 h. This temperature dependence is clearly due to the ther-
mal activation of diffusion which is necessary for rafting.

In order to decrease the width of the recrystallized region or to
avoid recrystallization at all, different heating rates were applied:
Some of the samples were put into the preheated furnace. Other
samples were put into the cold furnace which was then heated at a
rate of 50 K per hour to the ageing temperature with a holding time
of 2 h at 1073 K. These heating procedures, however, didn’t yield a
difference in the recrystallization behaviour.

Finally, the results obtained on an additional sample shall be men-
tioned: After shot peening, a surface layer of 50 um was removed
before the ageing treatment (24 h at 1323 K). This polishing
should remove the highly damaged outer material which is under
the action of the largest compressive macrostresses after peening.
As a result of this procedure, a rafted microstructure comparable to
that shown in Fig. 4 was found after ageing, but no recrystalliza-
tion was obtained.

Table I: Microstructure of shot-peened samples after ageing. The
symbols “x"" indicate the cases of a marked y/y' raft structure with
an orientation parallel to the surface, “=" the cases of a small
microstructural change and “—" the cases without rafting,
respectively.

4h  10h 24h 50h 100h 200h 300h
1173K = ~
1223 K — x

273K — — — = x

1323 K X X

1353 K X

Figure 4: Microstructure of a shot-peened sample after ageing for 24 h at 1323 K, nickel-base superalloy SRR 99. The micrographs of the
(100) section show a) cellular recrystallization directly under the surface, b) y/y' rafts with an orientation parallel to the surface and c) the
transition from the rafts to cuboidal ' precipitates at a distance of about 200 pm from the surface.
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Microhardness

The courses of the microhardness under the surface of two shot-
peened samples before and after ageing, respectively, are shown in
Fig. 5. In the interior of the samples, an average hardness of 430
HV0.05 was obtained. An increase of the hardness under the sur-
face was found prior to ageing, starting at a distance from the sur-
face of about 200 m up to an average value of 600 HV0.05 at a
distance of 30 um from the surface. This increase can easily be ex-
plained to be a result of the peening treatment.

The resuits of microhardness tests obtained on a sample aged for
24 h at 1323 K are also shown in Fig. 5. An approximately con-
stant value comparable to that of the undeformed interior of the
material was found. The increase of hardness induced by shot pee-
ning vanished completely during the ageing procedure. A similar
behaviour was also obtained after ageing at 1273 K, irrespective of
the duration of the ageing procedure (24 h or 100 h). This is note-
worthy, because the microstructure of the sample aged for 24 h at
1273 K exhibited no rafts. Thus, it can be concluded that the age-
ing treatment and the respective annealing is responsible for the
decrease of the peening-induced hardness, and not the process of
rafting.

X-ray peak profiles

Two shot-peened samples were investigated by microfocus and
“conventional” high-resolution X-ray diffraction, respectively, one
before and one after an ageing treatment (24 h at 1323 K). The
samples were cut parallel to a {100} lattice plane (which was par-
allel to the rod axis) which is called (100) in the following, and
perpendicular to the [001] rod axis. The normal of the peened sur-
face was parallel to [010]. In the following sections, the results are
presented, divided into peak position (macrostresses), peak broad-
ening (deformation) and internal strains (microstresses).

Peak position The centres of gravity of the peak profiles are a mea-
sure of the peening-induced macrostresses. The results of the mea-
surements of (004) and (400) peak profiles obtained on a peened
sample (without ageing treatment) are shown in Fig. 6. These two
sets of investigations were measured with the focused synchrotron
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Figure 5: Microhardness after Vickers (HV0.05) for peened sam-
ples before and after ageing (24 h at 1323 K) vs. distance from the
surface.
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Figure 6: Local variation of the centres of gravity of the peak profiles
(004) and (400) measured with synchrotron radiation X-ray diffrac-
tion and (020) measured with a home-lab double-crystal diffracto-
meter. The dashed line indicates the stress-free lattice parameter.

radiation X-ray diffraction technique. The two Bragg reflections
(004) and (400) are equivalent to another with respect to the stress
state: Both reflections indicate the distribution of lattice parameters
which have an orientation perpendicular to the normal of the shot-
peened surface (which has an orientation of (010)). Therefore, it is
not surprising that the results of the two Bragg reflections (004)
and (400) shown in Fig. 6 are in good agreement. In contrast, the
peak profiles of the type (020) (measured on the “conventional”
double-crystal diffractometer) were measured on a tangential cut
of the sample, thus yielding the lattice parameter distribution nor-
mal to the surface of the peened sample. In the shot-peened and
aged sample, however, significant deviations of the centres of grav-
ity from the stress-free state of undeformed material (dashed in
Fig. 6) were not observed.

Peak broadening Fig. 7 shows the variation of the integral breadths
of the X-ray peak profiles obtained on the sample without ageing,
indicating the strong increase which is due to the plastic deforma-
tion induced by the peening treatment. As in the case of the micro-
hardness tests, the increase of the integral breadths was found to
oceur in a region extending up to 200 m from the surface. The
peak profiles were nearly symmetrical without a significant separa-
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Figure 7: Integral breadth of X-ray peak profiles of a shot-peened
sample before ageing vs. distance from the surface, nickel-base
superalloy CMSX-6.



tion into the subprofiles of Y and y'. The peak profiles of the aged
sample, however, showed no significant broadening, but a strong
separation into the subprofiles of y and ', as described in the next
section. Therefore, the peak broadening of the aged sample is not
shown here.

Internal strains The peak profiles of the shot-peened sample before
ageing could not be separated into the subprofiles of y and ', as
mentioned above. Therefore, only results obtained on the peened
and aged sample (24 h at 1323 K, the microstructure is shown in
Fig. 4) are presented in the following.

The main results obtained on the aged sample by microfocus X-ray

diffraction are shown in Fig. 8. In the interior, a constant lattice pa-

rameter was determined for both phases y and y'. The peak profiles
were nearly symmetrical, in agreement with peak profiles of unde-
formed material of the superalloy CMSX-6. Towards the surface, a
separation of the (400) and (004) profiles was obtained, with a
larger peak corresponding to ¥ and a smaller peak corresponding
to . The lattice parameter values of 7y increase and those of ¥' de-
crease with decreasing distance from the surface, respectively. The
relevant changes of the lattice parameters in the directions [001]
and [100] occur in that region of the sample in which a rafted mi-
crostructure was obtained (see Fig. 4).

Mechanical behaviour

In most cases, in which the phenomenon of anomalous rafting was
described [7,8,10,11], the relevance of this microstructural trans-
formation for the mechanical behaviour remained unclear. There-
fore, in the present work, the effect of this kind of rafting was in-
vestigated in more detail. In particular, it was of interest whether a
rafted surface layer has effects on the mechanical high-temperature
properties under fatigue and creep loading.

Fatigue lives Cyclic deformation curves of the samples tested at
the larger total strain range of Ag, = 0.01 are shown in Fig. 9. As
reference, sample A was tested in the initially untreated (fully
heat-treated) state. The shot-peened sample C which was not aged
at all exhibits a clearly shorter fatigue life compared to the refer-
ence sample. However, the peened and aged sample E with an

£ 0.3594 . - ——

£ i oa (400)-profiles |
..% 0.35900 (004)-profiles |
£

g ]
®

g ]
[

Q 1
ks

200 400 600 800 1000
distance from surface /um
Figure 8: Varjation of the lattice parameter values of y and ' of a

peened and aged sample in the directions [001] and [100] (ageing
conditions: 24 h at 1323 K).
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Figure 9: Cyclic deformation curves of the stress amplitude Ac/2
vs. number of cycles N for the samples tested at a temperature of
1223 X at the larger total strain range of Ag; = 0.01. After [15].

“anomalous” raft structure (ageing for 200 h at 1223 K) showed a
cyclic deformation curve and a fatigue life comparable to the refer-
ence sample. A comparable result was also obtained in the fatigue
tests performed at the smaller strain range. It has to be noted that
the recrystallized surface layers of these samples were totally re-
moved by electropolishing before the fatigue tests.

It is also clear from figure 9 that sample D which still had a recrys-
tallized surface layer which was not removed totally by polishing
showed the shortest fatigue life. A network of cracks had formed
on the surface of this sample along the grain boundaries. Thus, the
short fatigue life is well understood as a consequence of the sur-
face grain structure.

Creep strength Creep curves of three different samples are plotied in
Fig. 10 as the plastic creep rate €, versus the plastic strain & pl - The
creep behaviour of one of the peened and aged samples (24h at
1323 K) is clearly worse than the creep behaviour of the reference
material. The peened sample aged for 200 h at 1223 K shows a lower
minimum creep rate, but then a faster creep acceleration after the
minimum than the reference sample. The times to a strain of 3 %
were shorter in both aged samples compared to the reference sample.
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Figure 10: Creep curves of samples of the nickel-base superalloy
SRR 99 in the as aged condition and after shot peening and ageing,
respectively, for deformation at 6 =200 MPaand T = 1273 K, cf.[15].



Discussion

Origin of anomalous rafting

The experimental results obtained on the different samples con-
cerning the origin of anomalous rafting can be summarized as fol-
lows:

1. Anomalous rafting was repeatedly obtained in turbine blades
after service. However, the occurrence in different turbine
blades seems to be unsystematical.

Anomalous rafting was observed already in the unused state of
an aluminide-coated turbine blade.

3. After ageing of sections of an unused turbine blade, anomalous
rafting was found to be very pronounced. However, the rafted
zone was obtained only on one side of the blade.

In shot-peened specimens, a phenomenon similar to anoma-
lous rafting in turbine blades was observed after ageing under
appropriate conditions (high temperature above 1173 K).

The region in which anomalous rafting was observed in the
shot-peened samples was correlated to the region in which
severe plastic deformation was evidenced by the measurement
of X-ray peak broadening and an increase of microhardness.
In a surface layer of shot-peened samples, a complex stress
state was determined, indicating biaxial compressive stresses
acting parallel to the surface.

These observations can be explained in two ways: i) A first hy-
pothesis is that the modification of the internal microstress state
between v and ' by plastic deformation is responsible for the mi-
crostructural transformation occurring during subsequent ageing
treatments at sufficiently high temperatures. ii) The second hy-
pothesis is that the deformation of a surface layer induces a com-
plex state of residual macrostresses which act as driving force for
anomalous rafting during a subsequent ageing treatment. In the
following, these two possibilities are discussed.

Deformation-induced long-range internal microstresses There are
several hints indicating that the internal microstresses induced by

plastic deformation are the driving force for anomalous rafting.
These long-range internal microstresses have been repeatedly
shown to cause rafting, at least in laboratory samples after uniaxial
deformation. The most significant examples are the experiments of
Véron et al. [3,4] and Fiahrmann et al. [5]. These two research
groups observed that rafting occurred in a predeformed sample
during a subsequent stress-free ageing treatment in the manner
which one would expect for the sense of predeformation. Even in a
case, in which a plastically predeformed sample was subsequently
aged under the action of a stress with the opposite sign compared
to the predeformation, rafting was determined by the preceding
plastic deformation process [5]. Also in the case of thermomechan-
ical fatigue experiments, the sense of the plastic strain (and there-
fore the change of the internal microstress state) and not the exter-
nal stress has been shown to determine the occurring type of raft-

ing [6].

In the case of the present work, this possible origin for rafting can
explain all discussed cases: Turbine blades are surface treated by
grit blasting or shot peening before the coating process. This pro-
cedure will probably cause plastic deformation of a surface layer.
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It has to be noted that this treatment is not always systematically
applied, since it is performed in some cases only when necessary,
and sometimes the surfaces are treated manually. Subsequently, at
the high temperature occurring during the coating procedure, a first
rafting process can occur, see the micrograph of an unused turbine
blade in Fig. 1. Finally, after service at sufficiently high tempera-
tures applied for some time, rafting will inevitably occur under the
surfaces with an “anomalous” orientation of the ¥/y' plates parallel
the surfaces, whereas the “normal” rafting process will occur in the
interior of the material perpendicular to the external [001] stress
axis.

With this explanation, it can be understood why the anomalous
rafting was found only in one of the operated turbine blades: That
turbine blade had probably a pretreatment which was more severe
and which therefore induced (more) plastic deformation, leading to
anomalous rafting during service. This would explain the observa-
tions on the aged sections of the unused turbine blade: These sec-
tions had only one side which showed “anomalous” rafts. The rea-
son is probably that only this side was treated severely enough to
induce anomalous rafting, and the other side was treated less se-
verely.

The lattice parameter changes between vy and y' observed after
rafting (shown in Fig. 8) are finally a consequence of cooling to
room temperature after ageing and can be explained as follows:
During the ageing treatment (i.e. during rafting) the two phases vy
and Y' were at high temperature and, because of the dynamic
transformation of the morphology, tended to reduce their elastic
strain energy. It can therefore be assumed that the two phases were
approximately free of stresses after completion of the rafting pro-
cedure. During cooling, the plates of the two phases were con-
tracted thermally. Due to the difference of the coefficients of ther-
mal expansion of the two phases y and ', the plates would sepa-
rately experience different thermal contraction strains. However,
there is a strong constraint in the material, and thermally-induced
internal microstresses arise. Similar thermally-induced micro-
stresses and -strains have experimentally been observed in rafted
creep-deformed samples [20] and calculated by finite element
modelling [21].

There exists at present no micromechanical plasticity model which
explains how the anomalous rafting is induced as a consequence of
plastic deformation (and the change of the internal microstresses)
by e.g. shot peening. In order to formulate such a model, transmis-
sion electron microscopic investigations of the respective zone of
potential anomalous rafting before ageing will be necessary.

Shot-peening_induced macrostresses As a second possibility, the
peening-induced macrostresses have to be discussed. These inter-

nal stresses are known to be of biaxial compressive character act-
ing parallel to a peened surface [22]. The investigation of the
peened, but unaged sample by X-ray diffraction (Fig. 6) indicates
the presence of such a complex stress state under the surface of the
sample. The large increase of the lattice parameter in the [010] di-
rection (i.e. parallel to the surface normal) is the corresponding
Poisson strain of the peening-induced macrostresses. The mea-
sured increase of the lattice parameters in the directions [100] and
[001] parallel to the surface plane cannot be fully explained in the
present work. A possible reason for this increase is the relaxation



of the large peening macrostresses during cutting of the peened
specimen. As an example, on the (010) surface, the peening com-
pressive macrostresses act in the directions [100] and [001]. Dur-
ing preparation, the sample was cut parallel to the (100) plane.
Then, the stress acting in [100] direction is relieved, and only the
compressive stress acting in the [001] direction remains. As a con-
sequence, this stress will increase the lattice parameter in the [100]
direction by the Poisson strain. A similar effect occurs in the case
of a (001) cut.

Now, it shall be discussed how the peening-induced macro-
stresses could cause the observed cases of anomalous rafting. Un-
der the assumption that during surface treatments like peening or
grinding compressive stresses arise, we can compare the effect of
these biaxial compressive stresses with the distortion induced by
an external tensile stress acting in the normal direction on the sur-
face of peened material. Such a tensile stress, however, is known
to induce in alloys of negative lattice misfit (like SRR 99 and
CMSX-6 which have a negative lattice misfit at the high service
temperatures [8,201) rafts perpendicular to this (tensile) stress
state [1]. Thus, the anomalous rafts could also be explained by bi-
axial compressive stresses acting under a mechanically treated
surface.

However, there is an argument against this hypothesis. Khadhraoui
et al. investigated experimentally and by modelling the relaxation
of shot-peening residual stresses [22]. After ageing for up to 100 h
at temperatures of 873 K and 923 K, a strong recovery of the peen-
ing stresses up to 50 % of the initial value was reported. This result
makes the peening-induced macrostresses as the driving force for
anomalous rafting improbable, because the temperatures necessary
for rafting are much higher than those applied by Khadhraoui et al.
[22]. Therefore, the peening-induced macrostresses will probably
vanish early during the ageing treatment.

In addition, the microstructural results obtained on the sample with
a removed surface layer of 50 pm indicate that the peening-in-
duced macrostresses are of minor relevance. The effect of “anoma-
lous rafting” observed in this sample was similar to that observed
in the other samples aged at comparable conditions. However, it
can be assumed that the peening-induced macrostresses were sub-
stantially modified and decreased by the removal of a layer of
50 um. Therefore, the macrostresses seem to be of minor impor-
tance for “anomalous” rafting.

The fact that the mean Jattice parameters of the peened and aged
sample with “anomalous” rafts indicate a macroscopically stress-
free state does not give an answer to the question whether the pee-
ning-induced micro- or macrostresses were the origin for anoma-
lous rafting. The investigated sample corresponds to the already
rafted microstructure which is not expected to contain macro-
stresses.

As a summary of the two possible origins of anomalous rafting, we
conclude that it seems to be more probable from the presented re-
sults that the effect of anomalous rafting is induced by a mechani-
cal surface treatment, at Ieast in those cases discussed in this work.
The specific question whether the microstresses acting between ¥
and y' or the peening-induced macrostresses were the main driving
forces for the microstructural transformation cannot be answered
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finally. Nevertheless, there are strong hints that the microstresses
are the responsible microstructural reason for anomalous rafting,.

Anomalous rafting during engine operation

The results of the present work on anomalous rafting in turbine
blades seem different from earlier observations. Draper et al. {7]
observed anomalous rafting under the surface of uncoated, mono-
crystalline turbine blades after a “performance test™ (P) and after a
“high cycle fatigue test” (cycle A) or after combinations of other
tests with one of these two test conditions during ground-based en-
gine tests. Both test conditions (P) and (A) consist of stepwise
varying power settings between idle and cruise power levels. After
other test cycles, e.g. constant operation at maximum temperature
(“stress rupture, cycle B”), “low cycle fatigue, cycle C” or a “mis-
sion mix, cycle D”, or combinations of these, no anomalous rafting
was found, although, in some cases, normal rafting accurred. The
authors discuss that anomalous rafting is caused by a “complex
stress state at the surface of the blade” during the respective tests
which stems from blade resonant conditions at an intermediate
power level.

In the present case, however, it is clear that the observed rafting is
caused by other processes: 1) We have investigated coated blades
which were peened before the coating procedure. ii) In the unused
blade before as well as after the (stress-free) ageing treatment, the
blades had not been subjected to engine operation at all. In the
blade operated in an accelerated mission test, a test condition simi-
lar to the “stress rupture test, cycle B” of Draper et al. was applied.
However, in contrast to the results of Draper et al., we observed
anomalous rafting after operation under this condition.

These reasons indicate that, at least in the present case, the origin
of anomalous rafting is not the operation condition in the test en-
gine. In addition, the present observation of anomalous rafting on
only one side of the aged blade shows that the reason seems to be
in some way unsystematical.

Recrystallization

The ageing treatments applied to the shot-peened samples yield in-

teresting results on the recrystallization behaviour of nickel-base

superalloy single crystals. The appearance of recrystallization is
very similar to the cellular recrystallization described earlier
[23,24] (see also the recent work of Biirgel et al. [25] on the origin
of recrystallization in superalloys). Recrystallization could not be
avoided by the application of a drastically reduced heating rate
(50 K per hour) and a holding time during heating (2 k at 1073 K).
Therefore, the recovery occurring during the slow heating and the
holding time at 1073 K were not sufficient to reduce the driving
force for recrystailization. Furthermore, it has to be noted that the
removal of the surface roughness by electropolishing did also not
influence recrystallization.

However, recrystallization could be largely avoided in one sample,
from which a surface layer of 50 pm was removed by polishing.
This is worth mentioning, because X-ray peak broadening (Fig. 7)
and microhardness investigations (Fig. 5) showed the zone of plas-
tic deformation to have a depth of about 200 wm. It can be con-
cluded from this observation that there is a critical deformation oc-



curring in the outer 50 pm which is necessary for recrystallization
in the nickel-base superalloy SRR 99. At lower deformation levels,
no recrystallization was obtained.

Effect of anomalous rafting on the mechanical behaviour

Fatigue Recently, Mughrabi et al. showed that samples with a
rafted microstructure with an orientation of the y/y' plates parallel
to the stress axis (induced by compressive predeformation) have
increased life times under isothermal high-temperature fatigue
loading than the initial microstructure with cuboidal y' particles
[2,12]. Such an effect was an original motivation for the present
work. However, the thickness of the rafted layer induced by shot
peening and ageing was only about 100 pm. The cyclic deforma-
tion curves are identical for the reference samples with cuboidal '
precipitates and for the samples with a rafted surface layer (the de-
formation curves obtained with the higher applied strain range are
shown in Fig. 9). It can therefore be concluded that this zone is not
thick enough to influence the mechanical behaviour or the fatigue
life of the total sample appreciably.

The fatigue lives of the peened samples C (only peened) and D
(peened and aged, but with recrystallized grains) were significantly
shorter than the fatigue life of the reference material. This is par-
tially in contrast to results obtained earlier [24]. However, a reason
for this difference cannot be given yet.

Creep The increase of the creep rate in the case of the aged sam-
ples is due to the deterioration of the creep resistance caused by
coarsening of the microstructure in the bulk of the samples, similar
to the results obtained by Mughrabi et al. on aged samples [13-15].
The enhancement reported by the authors for the case of samples
which had a y/y' raft structure parallel to the tensile deformation
axis in the whole specimen induced by compressive predeforma-
tion was not obtained in the present samples with a thin surface
layer of similar rafts. The reason is that the area fraction of rafted
material with respect to the total cross section is small, and a possi-
ble enhancing effect is overcompensated by the deterioration due
to the coarsening effect in the bulk.

Microhardness The investigations of the peened and aged samples
by microhardness testing yield information on the room tempera-
ture strength of the different microstructures. The values obtained
on the differently aged samples, however, were equal within some
scatter. Only a small decrease of the microhardness was found in
the rafted region which was smaller than the scatter. Therefore, it
cannot be considered significant.

Conclusions

The phenomenon of anomalous rafting was investigated in real tur-
bine blades and in shot-peened laboratory samples by scanning
electron microscopy, microhardness testing and high-resolution X-
ray diffraction. From the results, conclusions were drawn on the
origin of this microstructural transformation. In addition, the effect
of anomalous rafting on the mechanical high-temperature proper-
ties was investigated in fatigue and creep tests. The following con-
clusions can be drawn:

1. Anomalous rafts were obtained in aluminide-coated turbine
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blades of the nickel-base superalloy CMSX-6 before and after
service. In addition, this kind of rafting was observed after
ageing of unused sections of a turbine blade.

A similar effect was found in shot-peened samples of the
superalloy SRR 99 after shot-peening and ageing.

Two different possibilities were discussed to explain anoma-
lous rafting: deformation-induced internal microstresses acting
between the two phases y and y' and compressive macro~
stresses, respectively. Experimental results indicate that the
internal microstresses are the main driving force for rafting.

A layer of rafts with an orientation parallel to the surface (i.e.
anomalous rafts induced by shot peening and subsequent age-
ing) is more or less indifferent for the fatigue strength and life
time.

The creep behaviour is not affected by thin surface layer of
anomalous rafts.

Recrystallization of shot-peened samples can only be avoided
by the removal of the highly deformed outer surface layer, not
by recovery during a heating procedure. However, it is not nec-
essary to remove the whole plastically deformed material to
avoid recrystallization in the case of the nickel-base superalloy
SRR 99.
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