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Abstract: Compressive and tensile pre-strains at room temperature were induced in the second generation single crystal superalloy
CMSX-4 fully heat treated. Both compressive and tensile pre-strain generated shear bands in the single crystal CMSX-4. Thermal
exposure for 10 h at 950 °C on the pre-strained single crystal CMSX-4 developed preferential coarsening of ¢’ particles along the
shear bands. y" particles on the shear band gradually invaded y channel. Finally, the y channels along the shear band disappeared.
TCP-like particles appeared at the expense of y channel disappearance. However, thermal exposure for 10 h of the normal single
crystal CMSX-4 did not develop TCP precipitation or preferential coarsening of y' particles. Thermal exposure for 100 h of
pre-strained CMSX-4 developed preferential coarsening of y' and TCP phase particles along the shear bands as well as coarsening of

y' particles in the matrix.
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1 Introduction

Single crystal turbine blades and vanes are widely
used in the advanced gas turbines such as aero-jet engine
and industrial gas turbine, with high performance during
service due to their excellent mechanical properties. The
elimination of grain boundary in the single crystal
superalloys, which excludes grain boundary sliding and
intergranular fracture at high temperature, improves the
creep life tremendously.

Single crystal superalloys are very susceptible to
recrystallization during the post-casting processes.
Recrystallization may introduce new grain boundaries to
the single crystal, which will drastically reduce the
mechanical properties at high temperature [1]. Therefore,
extreme care has to be paid in handling of the single
crystalline components, especially to prevent plastic
deformation or damage prior to solutionising. Plastic
deformation can be caused by some manufacturing
processes such as removing the ceramic mold and core
material, stamping identification marks, grinding the
airfoil and grit blasting the airfoil [2—3]. The cold
deformation of single crystal components in the as-cast

condition may cause recrystallization during subsequent
solution treatment.

Several studies [1—13] on the recrystallization of
Ni-base superalloys have been reported. Even though
some of them studied the recrystallization of wrought
and powder metallurgy superalloys [10—11], most of
recent studies are focused on the recrystallization
behavior of directionally solidified [12—13] or single
superalloys,
temperature of y’ phase of the alloys. Recrystallization

crystal especially around the solvus
behaviors are known to depend on the temperature. At
the temperature lower than solutionising temperature,
cellular recrystallization was observed, while equiaxed
recrystallized grains were observed above the gamma
prime solvus temperature [4—5].

The service temperatures of the turbine blade or
vanes are far below the solutionising temperature,
recrystallization in the cold deformed single crystal
airfoil would be hard to occur during service. However,
little information is available about the microstructural
evolution of cold deformed single crystal near service
temperature.

In the present study, to understand the effect of cold
deformation during service of single crystal components,
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the microstructural evolution of compressive and tensile
pre-strained single crystal CMSX-4 was investigated
during the thermal exposure at various temperature and
time.

2 Experimental

The single crystal nickel-based superalloy CMSX-4
was chosen in the present study. The mother alloy was
supplied by Cannon-Muskegon Co. The nominal
composition of the alloy is shown in Table 1. CMSX-4
mother ingot was cast into single crystal bars (d 14
mmx200 mm) in a Bridgman type directional
solidification furnace (ALD Vacuum Technologies: ISP
0.5 DS/SC/LMC VIM). The cast single crystal bars were
solution treated at 1 320 °C for 2 h followed by two
aging treatments at 1 140 °C for 2 h and at 870 °C for 20
h under vacuum.

Table 1 Chemical composition of CMSX-4 (mass fraction, %)

Al Co Cr Mo Re
5.6 9.0 6.4 0.6 3.0
Ta Ti W Hf Ni
6.5 1.0 6.4 0.1 Bal.

15% compressive pre-strain was induced in the
compression specimen by hydraulic press at room
temperature. The compressive pre-strained specimens are
displayed in Fig. 1(a). Tensile tests were conducted to

Fig. 1 Compressive pre-strained CMSX-4 specimens (a) and
tensile pre-strained specimens (b)

induce 1.5% tensile pre-strain in the creep specimen as
shown in Fig. 1(b).

Thermal exposure tests for the compressive
pre-strained, tensile pre-strained, and the heat treated
single crystal CMSX specimens were carried out at 950
°C for 5, 10 and 100 h under vacuum (0.266 Pa, Centorr
Mo60).

The exposed specimens were sectioned parallelly to
the longitudinal axis for microstructural studies.
Metallographic ~ specimens  were  prepared by
metallographic polishing (grinding and mechanical
polishing) followed by etching of swabbing with
Kalling’s reagent and electrolytic chromic acid (10%
CrO; at 3.5 V for 10 s) for optical and scanning electron
microscopy (SEM: JSM5800) observation. Thin foils for
transmission electron microscopy (TEM: JEOL
JEM-2100F at 200 keV) were mechanically ground
down to about 50 um in thickness. Disks of 3 mm in
diameter were punched out of the thin sheets, and
electro-polished to perforation with an 80% methanol
and 20% perchloric acid electrolyte at =25 °C and 20 V,
using a twin-jet electropolisher.

3 Results and discussion

Compressive pre-strain  at room temperature
generated numerous deformation bands (shear bands) in
single crystal CMSX-4 as shown in Fig. 1(a) and Fig.
2(a). Figure 2 (b) shows seriously deformed morphology
of y' particles compared with normal shape of cuboidal y’
particles. Figure 2(c) shows y’ particles elongated nearly
perpendicular to the loading axis and dislocations on the
activated slip planes, shearing of y’. No trace of twin or
stacking fault is shown in this figure.

Thermal exposure of compressive pre-strained
single crystal CMSX-4 at 950 °C for 5 h did not develop
much microstructural evolution as shown in Fig. 3(a).
However, thermal exposure for 10 h at the same
temperature caused preferential coarsening of y’ particles
and precipitation of topologically close packed (TCP)
phase on the shear bands as shown in Fig. 3(b).
Compared with normal single crystal CMSX-4 in Fig.
3(c), y' particles on the shear bands of the compressive
pre-strained single crystal CMSX-4 preferentially
coarsened during thermal exposure. Because of the
diffusion controlled j' coarsening [14], preferential
coarsening of y' is favored on the shear band which has
relatively high energy compared with normal area. Due
to primary coarsening of the y’ particles on the shear
bands the y channel on the bands gradually disappear, as
shown in Fig. 3(b).

The nucleation rate of the TCP can be expressed
as [15]
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Fig. 2 Micrographs of compressive pre-strained shear bands

G, AG*
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where AG,, is the activation energy for atom migration;
AG" is the activation energy for phase transformation;
AG, is the volume free energy, AG; is the strain energy; y

Fig. 3 SEM micrographs of CMSX-4 thermally exposed at 950
°C: (a) Compressive pre-strained, exposed for 5 h; (b)
Compressive pre-strained, exposed for 10 h; (c) Normal
CMSX-4, exposed for 10 h

is the interfacial energy. The dislocations on the slip
traces can assist nucleation of TCP in several ways. One
of the main effects of slip traces is to reduce the AG;
contribution to AG™ by decreasing the total strain energy
to remove the lattice distortion in the vicinity of
dislocations on the slip traces. The dislocations can also
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assist the formation of TCP by providing a diffusion path
with a lower AG,,. Precipitation of TCP on the shear
bands is also attributed to the growth of j'. Gradual
growth of y' particles on the shear bands can promote
supersaturation of y forming elements such as Re and W
on slip traces. The enrichment of these elements
increases the driving force for precipitation, because they
are also the major constitutive elements of TCP in single
crystal.

TEM foil across the shear band of the compressive
pre-strained specimen exposed at 950 °C for 10 h was
taken by focused ion beam (FIB) as indicated region in
Fig. 4(a). Figure 4(b) reveals that the TCP is x4 phase
which is enriched by refractory elements and Cr.

°

20 T,

4 P -
Fig. 4 TEM foil across shear band prepared by FIB (a) and
TEM micrograph showing particles on shear band and SAPD
of particles (b)

The enrichment of the refractory elements and Cr in
the y phase is attributed to the disappearance of y phase
on the shear band due to the growth of neighbour 7’
particles. The u phase is frequently observed in CMSX-4
aged or after service [16—17].

Figure 5(a) shows that the preferential coarsening of
y" and the TCP precipitation on the shear bands are very
obvious in the compressive pre-strained specimen
exposed at 950 °C for 100 h. Coarsening of ' particles is

Fig. 5 SEM micrographs of CMSX-4 after thermal exposure at
950 °C for 100 h: (a) Compressive pre-strained specimen; (b)
Normal single crystal CMSX-4

found both on the shear band and in the normal matrix
area. The degree of 7' coarsening on the shear band is
much higher than that in the specimen without pre-strain
as shown in Fig. 5(b). Most of the y' particles linked
together, especially the y’' particles on the shear band
formed film-like morphology which has TCP particles
inside. The coarsening of TCP particles on the shear
band also occurred due to the expansion of the y" film
that invaded the neighbouring y phase.

Tensile pre-strain also brought about the TCP
precipitation and the coarsening of y’' particles on the
shear band during thermal exposure. TCP precipitation
occurred after 5 h thermal exposure of the tensile
pre-strained single crystal CMSX-4. Compared with the
compressive pre-strained CMSX-4 of 15% deformation,
the time to TCP precipitation was relatively short in the
1.5%  tensile pre-strained CMSX-4. However,
microstructural evolution was similar regardless of strain
sense (tensile or compression). TCP precipitation on the
shear band of the tensile pre-strained CMSX-4 is also
attributed to the disappearance of y phase and the
coarsening of y' particles. The degree of TCP
precipitation and y’ coarsening increased with increasing
the exposure time, as shown in Fig. 6. Microstructural
evolution both on the tensile pre-strained and the
compressive pre-strained single crystal CMSX-4 showed
similar behavior during thermal exposure at 950 °C.
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Fig. 6 SEM micrographs of tensile pre-strained CMSX-4: (a)
Pre-strained; (b) Thermally exposed for 5 h at 950 °C; (c)
Exposed for 10 h at 950 °C

4 Conclusions

1) Compressive and tensile pre-strain at room
temperature generated shear bands in single crystal
superalloy CMSX-4. 9 phase on the shear band
preferentially grew during thermal exposure at 950 °C.

2) The growth of y’ on the shear band brought about
disappearance of the neighbouring y which generated
precipitation of TCP. TCP precipitation is attributed to
the high concentration of forming elements in the
preferentially grown ¢’ on the shear band.

3) Pre-strain in the single crystal components may
cause TCP precipitation during service and deteriorate
properties of the alloy.
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W OE: AEERT, WREAeHAB S AR B A 4 CMSX-4 SEH AP TN AR . H 4R hr i Fie A%
TR CMSX-4 742 T BT . by CMSX-4 7F 950 °C FHURRR 10 h, USBIIal =L T o b kb . 5i1)
it BTy R IEEHR N W B,y WEVEE SYITTE K. TCP ORK TAERERE » IE MY 0 L. SR,
HIEFR 10 h [HHE T CMSX4 #7744 TCP YiiE, WM y R rH i, #EEE 100 h TN AE CMSX-4
WEIIH =R T R R TCP ARKL FRRURAL, JEpA A ok FHfL.

KEEIR: TNAR; BRI SRS 4 CMSX4
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