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The microstructural characteristics of nickel-based polycrystalline superalloy GH4037 turbine blades that
have been in service for 1600 h have been studied by transmission electron microscopy. In particular,
emphasis has been placed on paired dislocations and their interactions with y" precipitates. Paired dislo-
cations are universal and coexist with Orowan loops occasionally. The attractive force due to anti-phase
boundary energy and the repulsive force between two 1/2 <110 > dislocations act on paired dislocations
simultaneously, causing different morphologies of edge dislocations. Since the shear stress required by
paired dislocations to cut through y/y’ structure is much lower than Orowan stress of single matrix
dislocation, the major formation mechanism is dislocation pairing. A large number of paired dislocations
slipping on the same {111} plane can form slip band and can shear off y" particles, which may directly lead

to the formation of microcracks.

Keywords Orowan loop, paired dislocations, slip band, y’ particle

1. Introduction

Gas turbine engines are widely used in the fields of
aircraft and some military equipment (Ref 1, 2). Their
lifetime correlates strongly with the performance of internal
turbine blades, since turbine blades must withstand compli-
cated load under static, fatigue, and creep conditions (Ref 2-
4). The function of turbine blades is to convert work coming
from gas stream into mechanical energy, which can drive the
high-pressure compressor (Ref 2). Superalloys have an ability
to resist extreme load over extended periods of time,
becoming unique high-temperature materials used in tur-
bine blades. In order to prolong the service life of turbine
blades, considerations should be given to the failure modes,
together with their strong dependence on microstructures and
defects.

For turbine blades, there exist normal failure modes and
abnormal failure modes. Normal failure modes refer to not only
visible damages including abrasive wear, internal cracking, and
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segmental falling, but also internal damages of metallographic
structures (Ref 5-7). Microstructural damages can occur when
temperature and stress are below the critical values, covering
coarsening of Y’ precipitates, morphological changes of y/y’
interfaces and carbides, and formation of brittle phases. v
matrix, " precipitate, carbides, and borides are the typical
microstructural phases of a superalloy (Ref 2). Some important
forms of normal failure consist of creep, low-cycle fatigue,
thermal fatigue, and mixed interactions among them (Ref 5). In
addition, abnormal failures are caused by nonstandard opera-
tion, defects introduced during preparative process, and
improper designs. Some representative abnormal failure modes
include high-cycle fatigue and over-heating induced by higher
temperature.

The nickel-based polycrystalline superalloy GH4037 was
prepared using an aging process. The aging process refers to the
heat treatment where the part is a period of time at a constant
temperature to precipitate out all y* phases. More W and Mo
were added for solution strengthening, and B can strengthen
grain boundaries (Ref 8, 9). GH4037 possesses structural
stability and excellent compressive properties during 800-
850°C, and has been widely used for turbine blades of aircraft
engines. It turns out that the mechanical properties displayed by
superalloys are strongly dependent upon dislocations and their
interactions with y” particles (Ref 2). There exist two models for
paired dislocations in the < 110> direction on the {111} plane
to pass through Yy’ precipitates. The first model represents
“weakly” paired dislocations to cut through ordered particles
(Ref 10, 11). The second one represents “strongly” coupled
dislocations to cut through larger particles (Ref 11, 12). It has
also been reported that Orowan loops were rarely found in
turbine disk materials (Ref 13). In this paper, attention is focused
on the microstructural characteristics of turbine blade which has
been in service for 1600 h. Great emphasis is placed on the
reason why formation of paired dislocations is the main
mechanism and their influences on properties of superalloy.
This provides an excellent chance to know more about the nature
of performance degradation of turbine blades.
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Table 1 Nominal compositions of GH4037 superalloy in wt.%

C Cr W Mo Al Ti \% Fe
Wt.% 0.03-0.10 13.0-16.0 5.0-7.0 2.0-4.0 1.7-2.3 1.8-2.3 0.1-0.5 5.0
B Mn Si S Ce Ni
Wt.% 0.02 0.5 0.4 0.015 0.01 0.07 Bal

Fig. 1 Typical microstructures of superalloy GH4037

2. Experimental

The nominal composition of nickel-based polycrystalline
superalloy GH4037, in weight percent, is shown in Table 1. It
is worth noting that the contents of C and Si should be strictly
controlled because they show strong correlations with the
permanence properties and impact toughness of superalloy
GH4037 (Ref 8). According to the China Aeronautical
Materials Handbook, GH4037 was solution heat treated at
800°C for 16 h after a two-stage aging process with heating to
1180°C for 2 h and 1050°C for 4 h (Ref 9). After the first stage,
most Y’ precipitates are dissolved in y matrix. Then some
particles are precipitated out after the second stage. The typical
microstructure of GH4037 after heat treatment consists of vy
matrix and dispersed Y’ precipitates as shown in Fig. la. Few
carbides are distributed around grain boundaries, and block
MC-type carbides can be found within grain interiors. The y*
precipitates are spherical, with an average size being 100 nm.
The y" phase is made of (Nig.97Cro.02V0.01)3.05(Alo.s6-
Tip27Wo0.03Cr,0sM0g 02), and its lattice parameter is about
0.3572-0.3575 (Ref 8). The volume fraction of y" particles is
about 20% and will be larger if kept at 800°C for 500-1500 h
during the aging process.

The blade selected for this study has been in service for
1600 h without repair, replacement, and heat treatment. Micro-
structures were examined using Tecnai T20 transmission
electron microscope (TEM) and JEOL 2010F instruments
(Beijing University of Technology, China) under an accelera-
tion voltage of 200 kV and a point resolution of 0.19 nm. To
prepare TEM samples, slices were cut from two-thirds site of
the airfoil, and were mechanically punched into 3 mm in
diameter and thinned to about 30 pum in thickness. Then, they
were further electrochemical polished with a double jet polisher
using a solution of 20% perchloric acid in ethanol at —20°C.
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3. Results and Discussion

From TEM observations, y” particles in superalloy GH4037
are spherical, and dispersedly distributed in the continuous y
matrix phase, as shown in Fig. 1(a). The sizes of y” particles
mainly vary from 50 to 120 nm, and some carbides can be found
(see Fig. 1b), as the case for the over-aged condition. Among
them, the presence of paired dislocations is representative.

4. Morphological Characteristics of Paired Dislo-
cations

Figure 2 shows clearly that paired dislocations traveled
through y/y” structure in GH4037 with different morphologies.
It has been reported that cutting of vy’ particle by paired
dislocations can lead to the formation of antiphase boundary
(APB) between them within y" phase (Ref 14-16). The first
1/2<110> dislocation produces the APB, and the second one
removes it. Thus, they exist in pairs in general. In Fig. 2(a), the
leading dislocation (marked as D;) bowed out between 7y’
particles strongly and interacted with spheres, while the trailing
dislocation (marked as D,) did not enter y” precipitates or was
pinned in the y/y” interface. D, can be treated as a straight line
because it nearly followed the whole curvature of D;. In
Fig. 2(b), D; and D, of paired dislocations all cut through y’
precipitates in varying degrees. One should note that the
spacing of paired dislocations, a few tens of nanometers, is
comparable to the particle diameter.

It should be recognized from above observations that the
relative positions of paired dislocations and y” particles may
vary to some extent, as shown in Fig. 3(a). The appearance of
coupled dislocations varies largely. These different morphologies
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Fig. 2 Paired dislocations interact with y" particles in superalloy
GH4037
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of paired dislocations can be rationalized as follows: the
formation of dislocation pairing is determined by the following
factors (Ref 17): (I) the force introduced by applied shear stress,
equals to thd; (i = 1, 2), in which 7t stands for the shear stress
required by a 1/2< 110> dislocation to travel through the y/y’
structure, and d is the distance between two neighboring
particles along the leading or trailing dislocation, as demon-
strated in Fig. 3(a); b stands for the magnitude of the Burgers
vector of the 1/2< 110> dislocation. (II) The attractive force
due to the APB energy is equivalent to yapgl/; (i = 1, 2), in
which [/ stands for line length of paired dislocations inside
particles, and yapp represents the APB energy on {111} planes;
(IIT) the repulsive force (or elastic force) as a consequence of
dislocations with the same sense, marked as o. Therefore, the
balance of total stresses for D; and D, will be expressed,
respectively, as follows (Ref 2).

For Dy thd; + 6 — ypppli =0, (Eq 1)

For Dy thdy — 6+ yppgh = 0. (Eq 2)

Since the leading dislocation (D,) tries to introduce an APB
and the trailing dislocation (D,) is trying to remove it, the
attractive forces have opposite signs in the above equations.
The attractive force due to APB energy can push D, to slip
forward, causing small separation between D; and D,; how-
ever, the repulsive force will compel D, to slip backward,
leading to larger separation. They are influenced by the values
of d and r (the radius of y” particle, as shown in Fig. 3b)
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Fig. 3 (a) Different morphologies of paired dislocations; (b) when
Iy — I, reaches a minimum, the relative position of paired disloca-
tions and y” particle

100 nm

Fig. 4 Orowan loops encircle y” particles in GH4037

significantly, so the width of APB (the separation distance of
paired dislocations) changes distinctly.

5. Coexistence with Orowan Loops

Orowan loops encircled y” particles can be observed in the
specimens, as shown in Fig. 4. Dislocations were confined within
the v matrix and could not shear y” phases. When the matrix
dislocations attempted to by-pass the y” particles, irregular loops
around precipitates were left behind. Orowan loops are supposed
to form in the process of dislocation by-passing.

Figure 5 describes the coexistence of paired dislocations and
Orowan loops. At high stress and high temperature (870°C and
300 MPa), dislocation by-passing process occurred, and Oro-
wan loops can be found for superalloy GTD-111 (Ref 18). For
superalloy IN 713C, Orowan loops existed in the specimens
aged 2 h at 1000°C (Ref 19). Jackson and Reed have observed
coupled dislocations in U720Li samples aged at 700°C for 60 h
(Ref 11).
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Fig. 5 Paired dislocations (which are in quantity) coexist with Oro-
wan loops in GH4037

Based on Fig. 4 and 5, the amount of paired dislocations is
much larger than that of Orowan loops. The practical temperature
field and stress field where the chosen turbine blade worked
would change continuously over operating time. If the temper-
ature and the stress are all helpful for dislocation by-passing
process and dislocation pairing, they can occur arbitrarily.
However, the reason why the process of dislocation by-passing is
a rare occurrence will be analyzed in the following section.

6. The Major Formation Mechanism in GH4037
is Dislocation Pairing

As before, it should be recognized that the major formation
mechanism in GH4037 is dislocation coupling, other than
Orowan mechanism. Attention should be focused on the critical
resolved shear stress (CRSS) required by paired dislocations to
cut through y” particles.

The trailing dislocation must overcome the elastic force
(repulsive force) to enter y” particles, and consequently, its
behaviors depend strongly on the repulsive force o. In this
study, assume d; and d, to be equal in magnitude and be
approximated by d for the sake of simplified calculation. Then
after some manipulations, one can obtain

(1) + (2)2tbd + Yapp(la — 11) = 0,

(1) = (2)20 = yapp(li + ).

(Eq 3)

(Eq 4)
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so that

1

T:%YAPBUI —h). (Eq 5)

This implies that T depends critically upon the difference values
oftheline length /,, /. Provided that the line length /(x) is a function
of x, I(x) can be expressed as /(x) = 2[r2 — (r — x)] 1/2 according
to the geometric relationship shown in Fig. 3(b). When the trailing
dislocation (D») just touches the y” particle, the difference in the
values /; — [, will reach a minimum. At this point, /, = 0 and
l1 = I(x,) if the position of the leading dislocation (D) is defined as
x1. Then Egs 3 and 4 can be written as

2tbhd = y,ppl(x1) = 20. (Eq 6)

That is to say, the value of t shows a dependence on G
directly. While the magnitude of & can be estimated to be Gb?*/
(2nx) on the basis of dislocation theory (Ref 20), where G
stands for the elastic shear modulus. Taking small uncertainties
into account and introducing a dimensionless constant o, G is
given by

sz otl(xl )
=——". Eq7
S T, (Eq 7)
Consequently, the force T can be shown to be
Gb al(x;)
= — . E
"Tond x (Eq8)

Thus, the CRSS required by paired dislocations to cut
through y” particles can be obtained:

Gb 2r

= (o) (= —1)"? Eq 9
=5y O - D', (Eq 9)
where

2
2
x) = G 2o . (Eq 10)
2T YapB
By substituting Eq 10 into Eq 9, one can obtain
_Gb 2 )(M_ 1)1/2. (Eq 11)

= ond aGb?

To obtain the critical condition, the following parameters are
adopted: » = 100 nm, G = 80 GPa (Ref 11), yapg = 0.1 J/m?
(Ref 2), b= (v/2/2),a =0.253nm, and o = 1. [a is of the
order of unity, which accounts for the elastic repulsion between
the strongly paired dislocations (Ref 11)]. The Orowan stress
Torowan 18 defined as Gb/d, so that the relationship between T,
and Torowan 1S given as
T = 0.47%13 = 0.47Torowan-

Equation 11 suggests that the CRSS for dislocation pairing
is 53% lower than the Orowan bowing stress, so it is more
difficult for single matrix dislocation to by-pass v’ particle.
Inversely, paired dislocations can cut through y” phase more
easily; therefore, there exist more paired dislocations than
Orowan loops in the specimens. This equation not only offers a
qualitative relationship between the CRSS of paired disloca-
tions and the Orowan stress, but also provides direct proof for
experimental observations. The major strengthening mecha-
nism is dislocation pairing rather than the Orowan mechanism.

(Eq 12)
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Fig. 6 Slip band composed of paired dislocations cut through /vy’
structure in GH4037

Fig. 7 Shearing of y” particles by paired dislocations in GH4037

7. Slip Band Composed of Paired Dislocations

Figure 6 shows details of a representative slip band, width
of which is about 500 nm. Note that the slip band consists of
high density of paired dislocations, cutting through both vy’
precipitates and vy matrix. The slip band initiated from the site
of stress concentration, which can be inferred from intense
contrast. Cutting of ¢’ particles by paired dislocations brought a
positive APB energy within y" particles. This also promotes
planar deformation and leads to softening on active slip planes
by means of making cross-slip difficult (Ref 21). Deformation
in this case was planar and inhomogeneous, introducing some
intense slip bands.

Figure 7 describes shearing of y" particles in GH4037.
When a 1/2<110> dislocation swept over {111} slip plane,
slip proceeded a Burger vector b in the ordered crystal, and the
magnitude of b was equal to an atomic separation of 0.2 nm.
Roughly, the segments of y” particles that appear to be sheared
off in Fig. 7 were attributed to 200 dislocation pairs.

It has been reported that the crack was found to occur along
the slip band (Ref 13, 22, 23). The failure mode of turbine
blade can be assumed as follows—combined TEM results with
those of previous papers. There exist stress concentrations
around some intrinsic defects, offering good opportunity for
paired dislocations to bow out and slip along certain {111}
plane. When local stress accumulates, a great number of paired
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dislocations emerge and slip successively, forming a slip band.
A microcrack can occur following the slip band, and propa-
gation and increment of cracks lead to the failure of superalloy
GH4037 finally.

For GH4037 superalloy, a matrix dislocation cannot cut into
v’ particles without the formation of APB, and thus, disloca-
tions must travel through y/y” structure in pairs. Strengthening
by vy particles in this paper is influenced by shear modulus,
APB energy, interfacial energy, and Orowan strengthening. If
the applied stress is higher than the critical shear stress, slip
band will form with the increasing dislocations, which can lead
to the formation of microcracks. Hence, keeping the GH4037
superalloy under the critical working condition can prolong the
service life of turbine blade.

8. Conclusions

The microstructural evolution of superalloy GH4037 cut
from serviced turbine blade has been observed in detail, and
some analyses focused on paired dislocations have been made
to study the microstructural formation mechanism of superal-
loy. Several conclusions can be drawn from the following list.

(1) The attractive force due to the APB energy and the
repulsive force between dislocations with the same sense
determine the width of APB and the morphology of dis-
location lines.

(2) Dislocation pairing and dislocation by-passing process
can occur arbitrarily under complicated service condi-
tion, but the amount of dislocation pairs is much larger
than that of Orowan loops.

(3) The CRSS required for dislocation pairing is about 53%
lower than the Orowan stress, so the major formation
mechanism during the service of GH4037 is one of dis-
location pairing.

(4) The continuous occurrence and slip of paired disloca-
tions along the same slip plane cause the shear-off of v’
precipitates and the formation of slip band. Microcracks
may happen along slip band and lead to the failure of
superalloy.
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