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Abstract

The recrystallization behavior of some monocrystalline superal-
loys was investigated both in the temperature regime of solutio-
ning as well as at lower temperatures in the y+y' field. At very
high temperatures new grains already form after a small plastic
deformation of about 1 %. They only nucleate at the surface in
single-phase y areas if the degree of cold work is not too high.
Grain boundary motion is stopped by interdendritic y/y' areas but
is barely retarded by carbides and residual eutectic islands. Even
very extended recovery annealing procedures are not able to
prevent recrystallization during subsequent full solutioning. For
the process of cellular recrystallization in the y+y' field higher
degrees of cold work are necessary. In this case a y' free zone
must be absent to initiate new grains. Along the moving grain
boundary the y' phase is taken into solution and reprecipitated
immediately behind it. A thin recrystallized surface "jacket" leads
to a higher crack density under LCF conditions but for the chosen
parameters in this work the number of cycles to crack initiation is
not affected.

Introduction

Recrystallization poses one of the major difficulties in post
casting processing of directionally solidified, especially single
crystal blades of nickel base superalloys. There are several possi-
ble sources for the necessary plastic deformation during manu-
facturing and processing of the new parts as well as during ser-
vice and reconditioning: contraction stresses during cooling of the
solid in the shell mold, removing the ceramic mold and core
material mechanically, stamping identification marks, grinding

the airfoil and the fir tree root to net shape, impact damage, re-
moving of coating residues mechanically, etc. The deformation is
either concentrated at the component surface or can extend into
the bulk material. Figure 1 shows an example of unacceptable
recrystallization in the root-airfoil transition area afier solution
heat treatment of a new part,

The formation of new grains can take place during solutioning
heat treatment even after relatively small degrees of work. Higher
amounts of plastic deformation are needed to initiate recrystalli-
zation at lower temperatures, e.g. during age hardening or service
exposure.

Figure 1: Recrystallization phenomena on a turbine airfoil after
solution heat treatment.
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Recrystallization may dramatically reduce the fatigue life and
also the stress rupture strength of directionally solidified com-

Table II Heat treatments of the alloys investigated

ponents. Therefore, specifications typically limit recrystallized solutioning, | 1204°C/2h + 1227°C/2h + 1249°C/3h
grains to a diameter of about 1 mm in the airfoil, with additional CMSX-11B | SHT* + 1260°C/6h; heating with 1 K/min
restrictions concerning maximum number of new grains and the age hdn, 1120°C/5h +870°C/24h +760°C/30h
distance between recrystallized areas. solutioning* | 1260°C/1h

o o . PWA 1483 Tooehdn. | 1090°C/4h
Little information is available in the open literature on recrys- 1270°C/0,5h + 1280°C/1h + 1290°C/2h
tallization of monocrystalline and columnar-grained compo- solutioning* | + 1300°C/0,5h + 1305°C/0,5h;
nents and possible methods of preventing it. Mostly surface SRR 99 heatinﬂitl’l 1K/min ’
deformation was stimulated, e.g. by hardness indentations or age hdn. 1080°C/4h + 870°C/16h
shot peening, and consequently recrystallization was initiated at solutioning* | 1227°C/2h + 1238°C/2h + 1271°C/2h
the surface only . The main purpose of the present inves- CMSX-6 + 1277°C/3h + 1280°C/2h; heating
tigation was to find out the mechanisms responsible for the with 1K/min
formation and growth of new grains and whether recrystalliza- age hdn. 1080°C/4h + 870°C/16h

tion could be reduced or even suppressed. The work comprises
two distinct parts: the first deals with recrystallization phenom-
ena during solution heat treatment, i.e. in the y region, and the
second with recrystallization during annealing or service expo-
sure in the y+y' field.

The alloys investigated were developed as blading material both
for industrial gas turbines (CMSX-11B, PWA 1483) as well as
for aircraft propulsion (SRR 99, CMSX-6).

Experimental

Alloys investigated
Table I shows the nominal chemical compositions of the alloys

investigated. Recrystallization studies in the y region were fo-
cused on CMSX-11B in comparison to PWA 1483 and
SRR 99. For the behavior in the y+y' field CMSX-6 was cho-
sen.

Table I Nominal chemical compositions in w%
of the alloys investigated (balance: Ni)

Cr|Co|Mo|W |[Ta|NbjAI|Ti| C|Hf
CMSX-11B 125/ 7 15| 5 15| .1 |36/42|— |.04
PWA 1483 [12.2] 9 [1.9(3.8| 5 | — (3.6]4.1|.07]| —
SRR 99 8551 -195(28] — [55]22].02] -
CMSX-6 w}is|3-121- (48|47| - [.08

Cylindrical bars were cast in Bridgman furnaces with their
longitudinal axes in the [001] direction with not more than 10°
deviation.

The heat treatments of the alloys are given in Table IL

Heat treatments

The heat treatments for investigation of the solutioning and
recrystallization behavior in the y field were performed under
air atmosphere in a laboratory furnace which was accurately
controlled by two calibrated thermocouples of type B and S. For
comparison purposes some tests were run in a vacuum produc-
tion furnace. In any case when a certain annealing treatment is
mentioned in the text below, the steps of the solution heat
treatment cycle according to the values given in Table Il were
run additionally up to the respective annealing temperature. The
experiments in the y+y' field were performed under an argon/
hydrogen atmosphere.
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* SHT: Solution heat treatment, Additional steps at lower tem-
peratures may precede the solutioning to equilibrate the furnace.

Samples for y' solutioning behavior

To quantify the amount of y' precipitates as a function of tem-
perature for CMSX~11B as-cast specimens were heated to
temperature, held for 2 h, and then quenched in water to freeze
the microstructure which had developed at the annealing tem-
perature. This procedure was repeated in temperature intervals
of 10 K up to the highest step of the solutioning heat treatment
(see Table II).

The remaining volume fraction of the y' phase, excluding eutec-
tic ¥', was determined through the area fraction in SEM micro-
graphs of longitudinal sections.

Samples for recrystallization in the y field

Samples of 12 mm diameter and 18 mm height were sectioned
deformation-free and exactly parallel-sided by wire-guided
electro discharge machining (EDM). Deformation of test pieces
in the as-cast condition was applied by axial compression at
room temperature, the degrees of cold work being given as
relative height reduction.

Some samples of CMSX~-11B were coated after cold work by a
standard CVD aluminizing process used for airfoil coating in
the aero turbine industry. The maximum temperature of the
coating cycle was 1080 °C and a layer of about 60 pm thickness
was produced.

For metallographic analysis longitudinal sections were pre-
pared, except where otherwise stated. The specimens were cut
along the long axis of the elliptical cross section which had
formed and was slightly visible after cold work. All micro-
graphs of longitudinal sections shown below are taken with the
[001] direction vertical.

Samples for recrystallization in the y+y' field

The recrystallization kinetics in the y+y' field were determined
using polished [001] oriented cross sections of CMSX~6. In-
dentations were produced with a prismatic punch of tungsten
carbide 1!, typically of 8 mm length and 0.1 mm depth. After
annealing at 1080 °C (i.e. the first age hardening temperature),
the recrystallized area was measured in several sections perpen-
dicular to the indentation edge.



The influence of surface recrystallization on the mechanical
behavior was investigated using solution-annealed cylindrical
specimens which were machined to the nominal dimensions
(gage diameter: 9 mm) before age hardening. The machining
parameters were determined in order to generate a rather uni-
formly recrystallized surface layer of about 0.1 mm depth over
the gage length after the final age hardening heat treatment.

Metallographic technigues

Polished samples were etched with one of two variants of the
so-called Mo-reagent. The first consists of 100 ml H,0, 100 ml

HNO3, 100 ml HCI, 6 g Mo-acid and is applied for about 5 s.
The second one is a mixture of 60 ml of a concentrate (300 ml

HCI, 300 ml HyO, and 5 g Mo-acid) and 50 ml H,O, 30 ml

HNOs3, and 5 drops of a tensidic agent. This reagent should be
prepared shortly before etching and be applied for about 20 s.

Electron microscopy

The conclusive identification of recrystallized grains as well as
the characterization of the orientation distribution of grains in
recrystallized areas was performed in a SEM by electron back-
scattered diffraction (EBSD). Since in most cases the areas of
interest lie near the specimen surface, the usual electrolytic
polishing could not be applied. Instead, careful mechanical
polishing alternating with slight chemical etching produces the
required surface quality.

Transmission electron microscopy was employed for charac-
terizing with very high spatial resolution the differences in
dislocation structure, orientation, and chemical composition
between different regions in the specimens. The near surface
position of these regions required electrolytic deposition of a
3 mm thick nickel layer on the specimen surface, careful me-
chanical preparation of the disc and final twin jet thinning using
a solution of 50 ml perchloric acid in 950 ml ethanol and

100 ml buthanol at — 40 °C >,

Mechanical testing

LCF tests were carried out at 980 °C in air under total strain
control with R =—1 and ramps with & = 107 s, The tests
were conducted either without hold time or with hold times of
300 s at ggip. The testing systems have a capacity of 100 kN
and are equipped with low bending moment grips and three-
zone resistance furnaces. Creep tests were conducted in the
same apparatus in air under constant load.

Results

¥ Solutioning behavior of CMSX-118

Recrystallization in the y field depends on the solutioning be-
havior of the y' phase both as secondary precipitates as well as
in the y/y' eutectic. This was quantified for CMSX-I11B in the
as-cast condition (Figure2) which contains about 6 vol%
eutectic. Solutioning is completed within the dendrite cores at
about 1205 °C after 2 h dwell time whereas the interdendritic
regions become single phase above about 1250 °C. Residual y/y'
eutectic only dissolves at the highest solutioning step of
1260 °C after 6 h. After SHT the amount of retained eutectic is
about 1 % to 2 %.
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Figure 2: Solutioning behavior of the y' phase in CMSX-11B

(after [7])' The micrograph represents the as-cast start condition
with about 6% eutectic.

Recrystallization behavior of CMSX~11B in the y field

Critical strain After about 1% compressive strain new
grains form in CMSX-11B during solution heat treatment
(SHT). After 0.9 % height reduction some grains are located
only in the specimen corners and some way along the circum-
ference, Figure 3. After about 2 % strain the specimens fully
recrystallize during SHT. Remarkably, a/l grains break the
surface after these degrees of cold work and there are no new
grains which have developed in the interior or which are en-
tirely surrounded by other grains. To initiate nucleation in the
bulk much higher deformation is needed in this alloy, in excess
of about 10 %.

original

Figure 3: New grains along the surface after 0.9 % height
reduction and solution heat treatment (SHT) in CMSX-11B.



Recrystallization temperature Samples cold worked by 2 %
or 3 %, which was chosen as the standard degree of deforma-
tion, are completely recrystallized after 1 h at 1249 °C (the step
before last in the solutioning cycle, see Table II). After only
15 min at this temperature new grains develop along the sur-
face. According to the common definition round 1250 °C repre-
sents the recrystallization temperature for CMSX-11B after
2 % to 3 % strain. All grains have access to the surface which
means that they all have nucleated at the surface.

Recovery annealing ~ With 2 % to 3 % cold worked samples a
test program was run with the aim to find a recovery procedure
that sufficiently reduces the driving force for recrystallization.

Long term annealing at 1220 °C for up to 100 h, for example,
does not prevent complete recrystallization after subsequent full
SHT. The same holds true after a 1227 °C/10 h dwell period.
After 10 h at 1230 °C the corresponding sample is for the most
part recrystallized directly after this annealing (Figure 4).

Figure 4: Grain boundaries (arrows) have overcome interden-
dritic y/y' obstacles in CMSX—11B (2.94 %; 1230 °C/10 h). The

new grains grow from the surface. (Figure taken from [7]}_

Extremely slow heating with 1 K/h from 1220 °C to 1250 °C
again is not appropriate to avoid complete recrystallization
during subsequent SHT. As stated above, in any case there was
no indication that new grains have formed in the bulk, in other
words they all break the surface.

At all recovery heat treatments some new surface grains de-
velop after rather short exposure. This led to the supposition
that these surface grains might be responsible for further growth
into the specimen volume. Consequently, one sample was com-
pressed by 2 %, annealed at 1220 °C for 68 h, and then reduced
in diameter from 12 mm to 10 mm by spark erosion in order to
remove surface recrystallization (its depth was checked before).
It was subsequently annealed at 1249 °C for 15 min to see if
new surface grains form again. Indeed, this is the case and
complete recrystallization still occurs during full SHT.

To be sure that the observed effects are not influenced by axial
compression straining some samples were prepared with 2 %
tensile strain. A fully solution heat treated sample again com-
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pletely recrystallizes with all grains breaking the surface. These
findings coincide with those from compression testing.

Annealing in air causes depletion of oxide forming elements in
the surface near region which in turn leads to y' dissolution. The
question arose whether this phenomenon is responsible for the
observed surface grain formation. Therefore, some tests were
run in a vacuum production furnace. A sample held for 10 h at
1220 °C, then slowly heated with 1 K/h to 1249 °C, followed by
the last two steps of SHT (1249 °C/3 h + 1260 °C/6 h) exhibits
only a very thin oxide layer but it fully recrystallizes as the air-
tested sample does. Also from other comparison tests there is no
indication that the results are significantly influenced by the
annealing atmosphere,

As long as interdendritic y' precipitates are present at a high
volume fraction the grain boundaries of new grains nucleated at
the surface are pinned along the first "row" of interdendritic y/y'
spaces even after long annealing times, Figure5 (see also
Figure 11 below). Only at higher temperatures when the frac-
tion of interdendritic y' is smaller grain boundary motion
continues and the deformed microstructure will be consumed
and recrystallized, Figure 4.

original

Figure 5: Grain boundaries (arrows) are pinned at the first
"row" of interdendritic y/y' spaces in CMSX-11B (2.99 %;
1220 °C/97 h). Due to oxidation the near surface region is
depleted in y' and Kirkendall voids also occur. (Figure taken
from [7]}.

lic reco nealin Following some indications in
the literature ) cyclic recovery heat treatments were per-
formed on 2% strained samples. After ten cycles
1000 °C/30 min <> 1100 °C/30 min and final 1204 °C/1 h again
new surface grains develop and the specimens fully recrystal-
lize during SHT as before with static annealing. The most ex-
tended test series consisted of in total more than 100 cycles,
divided into the following steps:
50 cycles 950 °C/5 min < 1050 °C/5 min
+ 27 cycles 1050 °C/5 min «> 1150 °C/5 min
+ 29 cycles 1150 °C/5 min < 1200 °C/5 min.

Finally, the SHT was added which again caused full recrystal-
lization.



All together, no recovery heat treatment without any further
manipulation could be found that was able to prevent recrystal-
lization during subsequent SHT.

Coated specimens To move the boundary of deformed
material away from the surface and to avoid y' dissolution due
to oxidation different coating procedures were tried after 2 %
cold work. An aluminide layer revealed the most meaningful
results. After 1249 °C/1 h annealing only at some locations a
few new grains develop underneath the coating, the rest of the
specimen still exhibits the original single crystal, Figure 6.
When a specimen is exposed to the full solutioning cycle the
coating layer no longer remains continuous, Figure 7. This
causes recrystallization only on a small scale and about % of the
original grain still appears.

Figure 6: Some new grains underneath an aluminide layer after
2 % cold work, CVD aluminizing, and 1249 °C/1 h annealing in
CMSX-11B (arrows indicate the grain boundaries).

Figure 7: Discontinuous aluminide layer and grain boundary
(arrows) after full solutioning cycle in CMSX-11B (2 % cold
worked and CVD aluminized).

Another 2 % strained and aluminized specimen was annealed
for 1249 °C/3 h and then a jacket was removed by EDM about
1.5 mm deep and 2 mm at the faces. Finally the test piece was
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fully solution treated. The aim of this experiment was to get rid
of new grains which certainly have formed during 1249 °C
annealing and to see whether recovery at this temperature
eliminates the driving force for recrystallization in the remain-
ing specimen core. After SHT the result was mixed: along the
surface some small grains still nucleate but the majority of the
volume remains unrecrystallized indicating that indeed bulk
recovery dominates in case when surface recrystallization is
inhibited.

Influence of carbides To investigate the influence of dis-
persed carbides on the recrystallization kinetics an experimental
derivative of CMSX-11B with 0.08 w% C was cast. It was
shown that this alloy can be solution treated with the same
parameters, i.e. the carbon content does not reduce the melting
temperature below 1260 °C when all prior annealing steps are
run. The carbides are concentrated in interdendritic regions and
after SHT they appear rather coarse and blocky, sometimes
bone-shaped, as primary carbides typically do. They were ana-
lyzed as Ti/Ta containing MC-type particles, as expected from
the alloy composition.

A specimen of this alloy strained 1.88 % and fully solution
treated exhibits the same features as the carbide free alloy. The
whole volume is recrystallized and all grains have access to the
surface. Particular pinning of grain boundaries by the carbides
could not be detected.

Recrystallization behavior of PWA 1483 in the y field

The fully solution treated condition of PWA 1483 looks very
similar to that of the carbon version of CMSX-11B, i.e. rela-
tively coarse primary carbides are visible of the MC type with
Ti and Ta being the main metallic components.

A sample compressed by 2.11 % completely recrystallizes
during SHT, Figure 8. All grains initiate from the surface, too.
Heating a 2.12 % cold worked sample to 1249 °C with the same
steps as for CMSX—11B and holding for 1 h at this temperature
also produces full recrystallization. Thus it can be concluded
that the behavior is very similar to that of CMSX-11B.

Figure 8: Full recrystallization in PWA 1483 after 2.11 %
strain and SHT. The dark particles are MC type carbides.



Recrystallization behavior of SRR 99 in the y field

SRR 99 shows pronounced glide bands indicating single slip
and, with increasing strain, dual slip on {111}<110> slip sys-
tems. After 1.83 % strain and full solution heat treatment (see
Table II) a band of new grains forms which runs diagonally
through the specimen, Figure 9. The rest of the volume remains
unrecrystallized. All grains have access to the surface at this
degree of deformation. With increasing cold work the width of
the recrystallization band increases. A 4.01 % compressed
sample, for example, exhibits two crosswise bands with new
grains as a consequence of dual slip.

Figure 9: Recrystallization band starting at one corner and
running diagonally through the specimen in SRR 99 (1.83 %
and SHT).

e
E

Figure 10: Boundary between a new grain and the original one
in SRR 99 after 4.01 % and SHT. Within the original grain a
feathery substructure can be detected.

In SRR 99 residues of the original crystal can be clearly distin-
guished from recrystallized areas by a feathery substructure,
Figure 10. At higher resolution in a scanning electron micro-
scope this feature emerges as somewhat coarser y' particles
which probably reprecipitate on low-angle grain boundaries du-
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ring cooling from solutioning. Obviously this substructure re-
mains stable also during SHT.

With SRR 99 recovery annealing was tried at 1250 °C for 10 h.
At this temperature the dendrite cores are single phase y but a
high amount of y' is still present in the interdendritic regions as
well as eutectic y/y'. Where the deformation band runs out of the
surface and a dendrite core breaks the surface new grains nu-
cleate after 1250 °C/10 h, Figure 11 (checked after 1.8 % and
3.24 % strain). Always when the SHT is added after 1250 °C
annealing, recrystallization occurs in the way described above
for the non-pretreated condition.

dendrite core/ [
one new grain :

Figure 11: SEM micrograph of grain nucleation at the surface
in a single phase dendritic area. The grain boundary (arrows)
winds along the interdendritic y/y' spaces (SRR 99; 3.24 %,
1250 °C/10 h under vacuum; cross section).
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Figure 12: Recrystallized area in CMSX—6 as function of aging
time at 1080 °C for two orientations of the prismatic indenter
(evaluated section perpendicular to the indentation edge).

Recrystallization behavior of CMSX—6 in the y+y' field

Kinetic evaluation The time dependence of the recrystal-
lized area in indented CMSX-6 specimens after annealing at
1080 °C is shown in Figure 12. The anisotropy of this process
is clearly reflected by the effect of the edge orientation relative




to the crystal directions [100] and [110], respectively. Similar
results were obtained when determining the machining pa-
rameters for LCF specimens.

This experimental approach allows the comparison of different
materials with respect to their proneness to recrystallization.
The ranking we obtained in this way reflects the practical expe-
rience with this phenomenon. It is possible to reduce all the data
by using a Johnson-Mehl-Avrami equation 1'% The incubation
period depends on the applied indentation load, being shorter
for higher loads as in Figure 12.

Nucleation In order to nucleate new grains in a y/y' micro-
structure without partially dissolved y' the following procedure
was chosen. In a previous investigation it was shown that
tensile creep deformation produces a gradual change in the
morphology of the interdendritic shrinkage pores. Creep frac-
ture is induced by cracks originated at the surface of these
pores. Cylindrical specimens of CMSX—6 with the complete
heat treatment were creep deformed at 760 °C and 980 °C,
respectively, to a strain of about 15 %, generating plenty of
cracks around shrinkage pores without contact to the atmos-
phere. One may assume that the remaining oxygen partial pres-
sure in the pores is very low. After interrupting the creep de-
formation by unloading, the control mode of the machine was
changed and the samples were ruptured at 980 °C with a high
strain rate. After annealing at 980 °C cellular recrystallization
could be observed in many specimens at the crack tips, Fig-
ure 13, following the high plastic deformation in these regions.

Figure 13: Recrystallized area at a crack tip in a CMSX-6 creep
specimen (980 °C) after tensile rupture and annealing at 980 °C
for 96 h.

Microstructural characterization It could be shown that the
y/y' microstructure in the new grains does not depend on the
topological characteristics of the parent grain. In specimens
creep tested at 760 °C, where y' cuboidal precipitates are em-
bedded in the y phase, as well as in those creep tested at 980 °C,
where y platelets are involved by y' phase, we observed the
same y/y' microstructure in the recrystallized region. This
microstructure has a much coarser distribution of y/y' than the
parent grain, Figure 14. Due to the characteristic cells, this
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process is known as cellular recrystallization. The analysis of
the orientation distribution in SEM using the EBSD technique
as well as the comparison of TEM diffraction patterns from the
parent grain and adjacent recrystallized grains clearly reveal
that the cells are grains with high angle boundaries and that
there is no unique relationship between the parent and the new
grains.

Figure 14: Change in the y/y' microstructure of a CMSX—6
specimen due to cellular recrystallization.

The y/y' microstructure of a recrystallized volume was regis-
tered in eight parallel sections by a serial polishing technique.
The distance between neighboring sections lies between 0.5 pm
and 1.5 pm, Comparison of the micrographs in different areas
shows that the cells consist of a ¥ continuum in which ¥ col-
umns are embedded.

The chemical compositions of both phases in the parent grain
and in a recrystallized area were determined by EDX in a TEM
specimen, Table III.

Table ITI Chemical compositions of the y and y' phases in the
parent grain and in recrystallized areas (RX) of CMSX—6

ohase. | grsin mass fraction in %
Ni Cr Co Mo Ti Al
parent | 61.3 | 224 | 9.0 5.8 9 8
¥ RX [ 628 217 84 [ 49 | 12 | 1.0
. |parent| 7731 83 | 47 | 29 | 56 | 14
Y RX | 817 | 33 | 39 | 21 | 72 | 20

Influence of recrystallized areas on LCF behavior  Figure 15
depicts the influence of a 0.1 mm deep recrystallized surface
layer on the LCF behavior at 980 °C and a total strain range of
0.7 %. The number of cycles to crack initiation, Ny (ss;), does
not differ significantly between virgin and recrystallized
samples in both cycle modes (without and with hold times).

In comparison to specimens with no recrystallization, the den-
sity of cracks on the gage length of the recrystallized specimens
is higher, especially in the <110> directions (which can be
identified by looking at a polished specimen face, i.e. a (001)



plane). The metallographic analysis of longitudinal sections and
fractography confirm this higher crack nucleation rate of recrys-
tallized specimens in comparison with single crystal ones.

total strain range, %

1.2 —h— l+f
1.0 ——
Mo R¥X, no H-T
@®RX,no H-T
0.8 71 AnoRX, B-T —h— -
ORX, H-T [ % | 4
0.6
100 1000 10000

number of cycles to crack initiation, Ny (ses)

Figure 15: LCF test results of CMSX~6 at 980 °C.
Each symbol represents the average lifetime of two to five speci-
mens. (RX: with cellular surface recrystallization;

H-T: hold time of 300 s at €yjp)-

Discussion

Recrystallization in the y field

The susceptibility of an alloy to recrystallization during solu-
tioning treatment, i.e. when the single-phase v field is ap-
proached or reached, is usually tested by hardness indentations
or similar non-uniform surface deformation. In the present
investigation uniform strain was applied to improve quantifica-
tion of the relationship between deformation and recrystalliza-
tion behavior, to improve the comparison between different
alloys, and to determine the appearance of recrystailization
when the bulk is deformed.

Cold work at room temperature is regarded as causing a dislo-
cation structure representative of what develops by short-term
high temperature deformation in the y+y' phase field, e.g. due to
contraction differences between the blade and the shell mold
and core. It was estimated that 2 % to 3 % are realistic strain
values which can be imposed on the components when the mold
and core do not comply sufficiently or crack.

After about 1 % plastic strain the first new grains appear at the
surface and less than 2 % causes full recrystallization across the
samples. This statement holds true for all alloys investigated for
recrystallization in the y phase field. Two conditions need to be
satisfied simultaneously to initiate recrystallization after such
low degrees of cold work: i) The y' phase must be dissolved in
the area of grain nucleation, and i) a free surface must be avail-
able. Dissolution of ' alone is not a sufficient prerequisite
because then nucleation from internal dendrite cores would also
occur as soon as these become single phase. This is definitely
not the case.

In the bulk a grain nucleus has to overcome the energy barrier
of a grain boundary around the whole grain boundary area
whilst along a surface no new interface energy has to be gener-
ated. This increases the probability of heterogeneous nucleation
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at the surface compared to the bulk formation obviously so
much that only a small amount of cold work is needed for the
former whereas much higher mechanical energy has to be intro-
duced for volume grain nucleation (e.g. more than about 10 %
strain in CMSX~-11B). For blade assessment these findings
mean that if recrystallization has taken place surface grains
must in any case be present. If there are none there will be no
recrystallization at all. Of course, for hollow blades and vanes
the inspection of internal surfaces remains a problem.

With SRR 99 a deviation was observed compared to CMSX—
11B and PWA 1483 in that slip during cold work is concen-
trated in prominent glide bands. Consequently, new grains only
appear within these bands whereas for the other alloys investi-
gated full recrystallization covers more or less the whole speci-
men volume. This feature might explain why in industrial prac-
tice components cast from SRR 99 may not generally be free of
recrystallization but new grains often are small and within the
specification.

Experiments with coated samples confirm the hypothesis of
energetically favored grain nucleation at surfaces. Despite all
difficulties with coating degradation at very high temperatures a
clear difference of aluminized samples was observed compared
to uncoated ones, If recrystallization from the surface is inhib-
ited by a coating recovery can take place effectively in the bulk
when the y' precipitates are dissolved completely. However, this
test series only served to improve understanding the nucleation
mechanisms and the competition between recovery and recrys-
tallization. In industrial practice it is not feasible to coat the
blades to avoid recrystallization during SHT and to strip them
afterwards.

All efforts to identify a recovery heat treatment that sufficiently
reduces the driving force for primary recrystallization failed.
Even unrealistic long annealing times and very low heating
rates are not able to annihilate the dislocation structure noticea-
bly below y' solvus. TEM examinations of long-term annealed
samples confirmed that the dislocation structure is extremely
resistant to recovery as long as the dislocations are knitted into
the y/y' interface. These dislocations supply the mechanical
energy that is released by primary recrystallization as soon as
the y' phase disappears. Removal of surface grains after nuclea-
tion does not prevent complete recrystallization during subse-
quent SHT which means that indeed the strain energy is stored
in the bulk and that the mechanism of primary recrystaltlization
is operating.

For the production of copper crystals with an extremely low

. . . . . . 8]
dislocation density cyclic recovery annealing can be applied ™.
This also forms the background of a patent for monocrystalline
superalloys %1 The idea is that dislocation annihilation is en-
hanced by repeated creation and absorption of vacancies to
adjust the equilibrium concentration for the respective tem-
perature. In the present investigation, however, very extended
cyclic heat treatments could not avoid subsequent primary
recrystallization either.

For most superalloys complete dissolution of y/y' eutectic re-
quires significantly higher temperatures and/or longer times
compared to dendritic and interdendritic ' precipitates (see
Figure 2). This temperature "window" is sometimes considered



to be appropriate to solution treat the alloy completely, except
eutectic, on the one hand and to inhibit recrystallization on the
other hand because residual eutectic is believed to hinder grain
boundary motion. No alloy examined in the present work con-
firms such a mechanism operating successfully. For example,
CMSX-11B exhibits a recrystallization temperature of about
1250 °C (full recrystallization within 1 h after 2 % to 3 % plas-
tic strain). At this temperature a fairly high amount of eutectic
(more than 5 %) is still present.

Clearly, grain boundary motion is stopped or at least retarded
by interdendritic y/y' spaces. A surface grain nucleated where a
dendrite core breaks the surface will not grow further when the
grain boundary encounters the next y/y' area (see Figure 11).
Such a small grain might be acceptable in practice. At high
enough temperatures and long times, however, these obstacles
can be overcome (Figure 4). To utilize this effect would mean
to dispense with complete y' dissolution at the expense of
strength.

Virtually no difference was detected between carbide free and
carbide containing alloys. From the present investigations car-
bides do not seem to be an appropriate measure to inhibit grain
boundary motion in the way these particles are present in the y'
solvus region.

Summarizing, the recrystallization behavior in the y phase field
does not differ much among the alloys investigated under the
conditions applied. The critical degree of cold work for recrys-
tallization initiation and the mechanisms of heterogeneous grain
nucleation at the surface are similar. The extent of primary
recrystallization is slightly different, being less for SRR 99
compared to the other alloys examined. This coincides with the
experience that, for example, after stamping indentation marks
and SHT the recrystallized grains are smaller with SRR 99
compared to other alloys. How much deformation is introduced
into the blades during manufacturing is highly geometry-de-
pendant and influenced by core and mold yielding and crush-
ability as well as by the cooling conditions.

Recrystallization in the y+y' field

Cellular recrystallization in superalloys with a high volume
fraction of ¥’ precipitates occurs by solutioning this phase at the
moving grain boundary (2] 14 is not uncommon to detect this
phenomenon in single crystal blades. In comparison to re-
crystallization in the y field discussed above, a much higher
degree of cold work is necessary is this case.

The onset of cellular recrystallization, examined for CMSX-6,
does not require a y' free zone in contrast to assumptions in the
literature %], However, it was not possible to identify the me-
chanism of high angle grain boundary formation in the yA"
microstructure and whether a free surface also forms a prerequi-
site for nucleation as observed in the y field.

Cellular recrystallization is determined by the movement of a
grain boundary into the deformed parent material. Due to the
orystal disorder in this boundary, it possesses a locally higher
solubility and diffusivity than the bulk material ", The super-
saturation leads to decomposition of the single phase immedi-
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ately behind the moving boundary. This occurs by the forma-
tion of y columns perpendicular to the grain boundary in a y'
continuum. A new grain nucleates and expands as a section of a
sphere, the y columns being homogeneously distributed in
radial directions. A section through a recrystallized area shows
cells with different shapes of the y rods depending on their
angle to the section plane. Since the y/y' microstructure in the
recrystallized area is much coarser than in the parent phase
(Figure 14), the movement of the grain boundary leads to a
reduction of the y/y' interface energy per unit volume.

The reduction in the free energy associated with cellular re-
crystallization, AGrx, may be decomposed into three terms:

AGRx = AGmechanical + AGinterface + AGchemical

The mechanical term (sign —) reflects the annihilation of dislo-
cations, The second component is related to the microstructural
coarsening mentioned above (sign —) and the creation of high-
angle grain boundary (sign +). The third term is assumed to be
negligible since the chemical composition of both phases in the
recrystaliized area is nearly the same as in the parent material,

The crack formation under LCF loading was shown to be fa-
cilitated by the presence of a cellularly recrystallized surface
layer. However, the number of cycles to crack initiation,
Na(so), seems to be independent of the specific surface condi-
tion of the specimen used in this work, Figure 15. In the present
case this is due to the small depth of the recrystallized layer
relative to the specimen cross section. Therefore, the common
load reduction criterion of 5% to evaluate N can only be

achieved if the cracks grow into the parent material 1] 1n the
case of thin-walled components the influence can be expected
to be more pronounced.

Conclusions
The present investigations lead to the following conclusions:

(1) Grain formation in the solutioning temperature regime
requires only a small critical degree of cold work of about 1 %
strain. In a rather wide range of plastic deformation, which in
practice most certainly will not be exceeded, grain nucleation
merely starts from the surface for energetic reasons in single-
phase v areas. If the deformed surface is subsequently shifted
into the interior by an appropriate coating recrystallization can
be suppressed. However, this treatment can hardly be utilized in
practice.

(2) -Grain boundary motion is substantially hindered by inter-
dendritic y/y' spaces but not noticeably by carbides or residual
eutectic islands. Therefore, if a blade has been deformed to a
critical degree it may only be heat treated considerably below
the complete solvus of y' to avoid larger grains.

(3) No recovery heat treatment could be identified that suffi-
ciently reduces the driving force for recrystallization due to
very stable dislocation anchoring around the y' precipitates.

(4) Alioys in which deformation is concentrated within nar-
row glide bands, such as SRR 99 in the present work, exhibit
localized recrystallization with possibly acceptable grain size
and area fraction.

(5) At lower temperatures in the y+y' field cellular recrystalli-
zation occurs after much higher amount of cold work. Nuclea-



tion in this case is not bound to a y' depleted zone. The subse-
quent y' microstructure is much coarser than the initial one.

(6) A thin surface layer with cellular recrystallization was
found to cause a higher crack density under LCF conditions but
the number of cycles to crack initiation according to a load
reduction criterion is not influenced under the chosen geometry
parameters. For thin-walled components a reduction in LCF
strength can be expected.

Acknowledgments

The following co-workers and students at Osnabriick University
of Applied Sciences have contributed to the present work over
the past two years: J. Diisterhtft, B. Fischer, H.-G. Kleinheider,
K. Mey, T. Michaelis, U. Mussing, and S. Wilkens. The expe-
riments at BAM were performed by A. Riepe and F. Menelao.
T. Liibcke of Lufthansa Technik/Hamburg applied the CVD
coatings. H. Rooch and W. Gesatzke of BAM, Dr. J. Penkalla
of Research Center Jiilich, and F. Pyczak of Erlangen Univer-
sity carried out TEM examinations. Prof. H. Mughrabi of Er-
langen University gave some valuable advice. Dr. J. Blackford,
formerly with Erlangen University, checked the manuscript.
The authors gratefully acknowledge all these contributions. The
work at Osnabriick University of Applied Sciences and at DPC
was promoted by funds by German Ministry of Education,
Science, Research, and Technology through Grant 03N2011A
and B. The work at BAM was partially supported by Deutsche
Forschungsgemeinschaft in the framework of the Priority Pro-
gram "Microstructure and Mechanical Properties of Metallic
High-Temperature Materials". The responsibility for the content
of this publication lies with the authors.

References

1. S.D. Bond, J.W. Martin, "Surface Recrystallization in a
Single Crystal Nickel-Based Superalloy”, J. Mater. Sei. 19
(1984), 3867-3872.

2. T.Khan, P. Caron, Y.G. Nakagawa, "Mechanical Behavior
and Processing of DS and Single Crystal Superalloys”, J. Me-
tals, July 1986, 16-19.

3. U. Paul, P.R. Sahm, D. Goldschmidt, "Inhomogeneities in
Single-Crystal Components”, Mater. Sci. Engg., A173 (1993),
49-54.

4. R.W. Salkeld, T.T. Field, E.A. Ault, "Preparation of Single
Crystal Superalloys for Post-Casting Heat Treatment", US-
Patent 5,413,648 (1995).

5. W. Osterle, W. Gesatzke, W. Byrmne, "TEM Study of the
Effect of Machining on the Microstructure of a Soft Magnetic
Ni76Fe17Cu5CrMo2 Alloy", Z. Metallkde., 82 (1991), 902~
906.

6. W. Osterle, P.X. Li, W. Niewelt, "Microstructural Changes
Induced by Grinding of Ni-base Superalloy IN 738 LC and their
Relationship to Machining Parameters", Z. Metallkde., 85
(1994), 20-27.

7. 1. Diisterhoft, "Vermeidung von Rekristallisation gerichiet
erstarrter Bauteile”, Diploma Thesis, Osnabriick University of
Applied Sciences, 1998,

238

8. S. Kitajima, M. Ohta, H. Tonda, "Production of Highly
Perfect Copper Crystals with Thermal Cyclic Annealing", I
Crystal Growth, 24/25 (1974), 521-526.

9. W.I. Gostic, "Cyclic Recovery Heat Treatment", US-Patent
5,551,999 (1984).

10. F. Menelao, "Kinetik und Gefiigebildung bei der zellularen
Rekristallisation in der einkristallinen Nickelbasis-Superlegie-
rung CMSX-6", Diploma Thesis, Berlin University of Applied
Sciences and Economy, 1998.

11. P.D. Portella, C. Herzog, "Gefligesinderungen und Schidi-
gungsentwicklung der einkristallinen Superlegierung SRR 99
unter Kriechbeanspruchung bei 980 °C", in: Vortragsveran-

staftung Rastermikroskopie in der Materialprifung, ed. V.
Thien (DVM, Berlin, 1992), 51-60.

12. A. Porter, B. Ralph, "The Recrystallization of Nickel-Base
Superalloys", J. Mater. Sci., 16 (1981), 707-713.

13. B. Ralph, C.Y. Barlow, B.A. Cooke, AJ. Porter, "The
Recrystallization of High Performance Alloys", in: Proc. 1%

Riss Int. Symp. on Recrystallization, ed. N. Hansen et al.
(Roskilde: Risg Nat. Lab., 1980), 229-242.

14. K. Smidoda, W. Gottschalk, H. Gleiter, "Diffusion in Mi-
grating Interfaces", Acta Met., 26 (1978), 1833-1836.

15. P.D. Portella, W. Osterle, "Influence of Cellular Recrystal-
lization on the Fatigue Behaviour of Single Crystal Ni-Based
Superalloys", in: Microstructure and Mechanical Properties of
Metallic High-Temperature Materials, ed. H. Mughrabi et al.
(Weinheim: Wiley-VCH, 1999), 441-453.




	Table of Contents
	-------------------------
	Next Page
	Previous Page
	-------------------------
	Next Hit
	Previous Hit
	Search Results
	New Search
	-------------------------
	Keynote Address
	Superalloys: The Utility Gas Turbine Perspective

	Ingot, Powder and Deformation Processing 
	Characterization of Freckles in a High Strength Wrought Nickel Superalloy
	Simulation of Intrinsic Inclusion Motion and Dissolution during the Vacuum Arc Remelting of Nickel Based Superalloys
	Predicting Grain Size Evolution of UDIMET(r) Alloy 718 during the "Cogging" Process through Use of Numerical Analysis
	Control of Grain Size Via Forging Strain Rate Limits for R'88DT
	Sub-Solvus Recrystallization Mechanisms in UDIMET(r) Alloy 720LI
	The Mechanical Property Response of Turbine Disks Produced Using Advanced PM Processing Techniques
	Segregation and Solid Evolution during the Solidification of Niobium-Containing Superalloys
	Microstructural Evolution of Nickel-Base Superalloy Forgings during Ingot-to-Billet Conversion: Process Modeling and Validation
	Removal of Ceramic Defects from a Superalloy Powder Using Triboelectric Processing
	Production Evaluation of 718ER(r) Alloy
	Quench Cracking Characterization of Superalloys Using Fracture Mechanics Approach
	Development and Characterization of a Damage Tolerant Microstructure for a Nickel Base Turbine Disc Alloy
	The Microstructure Prediction of Alloy 720LI for Turbine Disk Applications
	Characteristics and Properties of As-HIP P/M Alloy 720
	Enhanced Powder Metallurgy (P/M) Processing of UDIMET(r)Alloy 720 Turbine Disks - Modeling Studies
	Characterization and Thermomechanical Processing of Sprayformed Allvac(r) 720Alloy

	Solidification and Casting Processing
	Properties of RS5 and Other Superalloys Cast Using Thermally Controlled Solidification
	Advanced Superalloys and Tailored Microstructures for Integrally Cast Turbine Wheels
	Improved Quality and Economics of Investment Castings by Liquid Metal Cooling - The Selection of Cooling Media
	A Novel Casting Process for Single Crystal Gas Turbine Components
	Carbon Additions and Grain Defect Formation in High Refractory Nickel-Base Single Crystal Superalloys
	New Aspects of Freckle Formation during Single Crystal Solidification of CMSX-4
	Competitive Grain Growth and Texture Evolution during Directional Solidification of Superalloys
	Recrystallization in Single Crystals of Nickel Base Superalloys
	Structure of the Ni-Base Superalloy IN713C after Continuous Casting
	The Thermal Analysis of the Mushy Zone and Grain Structure Changes during Directional Solidification of Superalloys
	Freckle Formation in Superalloys
	Modelling of the Microsegregation in CMSX-4 Superalloy and its Homogenisation during Heat Treatment
	Enhancement of the High Temperature Tensile Creep Strength of Monocrystalline Nickel-Base Superalloys by Pre-rafting in Compression

	Blade Alloys
	Alloying Effects on Surface Stability and Creep Strength of Nickel Based Single Crystal Superalloys Containing 12 Mass% Cr
	Evaluation of PWA 1483 for Large Single Crystal IGT Blade Applications
	Effect of Ru Addition on Cast Nickel Base Superalloy with Low Content of Cr and High Content of W
	Prediction and Measurement of Microsegregation and Microstructural Evolution in Directionally Solidified Superalloys
	Development of a Third Generation DS Superalloy
	The Development and Long-Time Structural Stability of a Low Segregation Hf-free Superalloy - DZ125L
	The Growth of Small Cracks in the Single Crystal Superalloy CMSX-4 at 750 and 1000 C
	The Influence of Load Ratio, Temperature, Orientation and Hold Time on Fatigue Crack Growth of CMSX-4
	Modelling the Anisotropic and Biaxial Creep Behaviour of Ni-Base Single Crystal Superalloys CMSX-4 and SRR99 at 1223K
	CBED Measurement of Residual Internal Strains in the Neighbourhood of TCP Phases in Ni-Base Superalloys
	The Influence of Dislocation Substructure on Creep Rate During Accelerating Creep Stage of Single Crystal Nickel-based Superalloy CMSX-4
	Oxidation Improvements of Low Sulfur Processed Superalloys

	Disk Alloys
	Optimisation of the Mechanical Properties of a New PM Superalloy for Disk Applications
	g' Formation in a Nickel-Base Disk Superalloy
	Microstructure and Mechanical Property Development in Superalloy U720LI
	Sub-Solidus HIP Process for P/M Superalloy Conventional Billet Conversion
	Effect of Oxidation on High Temperature Fatigue Crack Initiation and Short Crack Growth in Inconel 718
	The Effects of Processing on Stability of Alloy 718
	Long Term Thermal Stability of Inconel Alloys 718, 706, 909 and Waspaloy at 593 C and 704 C
	Effects of Microstructure and Loading Parameters on Fatigue Crack Propagation Rates in AF2-1DA-6
	The Common Strengthening Effect of Phosphorus, Sulfur and Silicon in Lower Contents and the Problem of a Net Superalloy
	Simulation of Microstructure of Nickel-Base Alloy 706 in Production of Power Generation Turbine Disks

	Mechanical Behavior
	Influence of Long Term Exposure in Air on Microstructure, Surface Stability and Mechanical Properties of UDIMET 720LI
	Effects of Grain and Precipitate Size Variation on Creep-Fatigue Behaviour of UDIMET 720LI in Both Air and Vacuum
	Effects of Local Cellular Transformation on Fatigue Small Crack Growth in CMSX-4 and CMSX-2 at High Temperature
	Multiaxial Creep Deformation of Single Crystal Superalloys: Modelling and Validation
	Investigations of the Origin and Effect of Anomalous Rafting
	Stress Rupture Behavior of Waspaloy and IN738LC at 600 C in Low Oxygen Gaseous Environments Containing Sulfur
	Isothermal and Thermomechanical Fatigue of Superalloy C263
	Structure/Property Interactions in a Long Range Order Strengthened Superalloy
	Microstructural Changes in MA 760 during High Temperature Low Cycle Fatigue
	High Temperature Low-Cycle Fatigue Behavior of Haynes 230 Superalloy
	High Cycle Fatigue of ULTIMET Alloy
	The Effect of Strain Rate and Temperature on the LCF Behavior of the ODS Nickel-Base Superalloy PM 1000
	Effect of Thermomechanical Processing on Fatigue Crack Propagation in INCONEL Alloy 783
	The Ductility of Haynes(r) 242 Alloy as a Function of Temperature, Strain Rate and Environment

	Coatings, Welding and Repair
	Processing Effects on the Failure of EBPVD TBCs on MCrAlY and Platinum Aluminide Bond Coats
	Compositional Effects on Aluminide Oxidation Performance: Objectives for Improved Bond Coats
	Modelling and Neutron Diffraction Measurement of Stresses in Sprayed TBCs
	Interdiffusion Behavior in NiCoCrAlYRe-Coated IN-738 at 940 C and 1050 C
	Effect of Coating on the TMF Lives of Single Crystal and Columnar Grained CM186 Blade Alloy
	Process Modelling of Electron Beam Welding of Aeroengine Components
	Novel Techniques for Investigating the High Temperature Degradation of Protective Coatings on Nickel Base Superalloys
	Sintering of the Top Coat in Thermal Spray TBC Systems Under Service Conditions
	Overaluminising of NiCoCrAlY Coatings by Arc PVD on Ni-Base Superalloys
	The Influence of B, P and C on Heat Affected Zone Micro-Fissuring in INCONEL type Superalloy
	Improving Repair Quality of Turbine Nozzles Using SA650 Braze Alloy
	Improving Properties of Single Crystal to Polycrystalline Cast Alloy Welds through Heat Treatment

	Alloy Development
	Development of a New Single Crystal Superalloy for Industrial Gas Turbines
	High g' Solvus New Generation Nickel-Based Superalloys for Single Crystal Turbine Blade Applications
	Distribution of Platinum Group Metals in Ni-Base Single Crystal Superalloys
	Development of A Low Angle Grain Boundary Resistant Single Crystal Superalloy YH61
	Topologically Close Packed Phases in an Experimental Rhenium Containing Single Crystal Superalloy
	A Low-Cost Second Generation Single Crystal Superalloy DD6
	The Development of Improved Performance PM UDIMET(r) 720 Turbine Disks
	Microstructural Stability and Crack Growth Behaviour of a Polycrystalline Nickel-Base Superalloy
	The Application of CALPHAD Calculations to Ni-Based Superalloys
	Formation of a Pt2Mo Type Phase in Long-Term Aged INCONEL Alloy 686
	Development of New Nitrided Nickel-Base Alloys for High Temperature Applications
	MC-NG: A 4th Generation Single-Crystal Superalloy for Future Aeronautical Turbine Blades and Vanes


