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Deformation mechanisms in Ni-based superalloys



Ø Micro-twinning is a dominant creep deformation mechanism in Ni-based superalloys 
at intermediate temperatures.

Ø Many aspects of twin nucleation and growth remain unexplored.
Ø The Kolbe mechanism for micro-twinning, based on thermally activated reordering, 

is currently widely accepted in the community to explain these processes. 

Micro-twinning in Ni-based superalloys

Ø We propose a qualitatively different mechanism for nucleation and growth of twins.
Ø The proposed mechanism is demonstrated via molecular dynamics simulations.

Kovarik et al., PMS 2009

rearrangement. A difficulty with this model for twinning is that it requires successive shear of {1 1 1}
planes in directions that are necessarily of small Schmid factor (presuming that the net shear direc-
tion, 2Da, has large Schmid factor).

In this and the earlier models of twinning involving motion of a/3h1 1 2i partials, the L12 lattice of
the precipitates would be preserved and ‘‘true-twins” would be formed in the precipitates and the ma-
trix. In the next section, we will discuss a novel concept that was introduced by Kolbe et al. [28] pro-
posing a quite different mechanism for the formation of deformation twins in the superalloys.

2.3. Kolbe mechanism for microtwinning and the reordering hypothesis

Kolbe et al. [28] performed in situ TEM deformation experiments at elevated temperature that indi-
cated a distinct transition in deformation mechanism with temperature. Below about 760 !C, disloca-
tion motion was observed to be jerky, in which encounters with c0 precipitates resulted in distinct
waiting times. The shearing dislocations were reported to be a/2h1 1 0i type, although no direct evi-
dence was provided to support this claim. In situ deformation at higher temperature gave rise to a dis-
tinctly different mode of shearing in which extended faults propagate continuously and viscously
through both particles and matrix. These extended faults are associated with partials that move in
a correlated manner as pairs. Kolbe [15] hypothesized that these partials may be a/6h1 1 2i partials
of the same Burgers vector (e.g. a pair of Da partials), and that they may be traveling on parallel
{1 1 1} planes, as illustrated in Fig. 2b. Without detailed confirmation of this hypothesis, Kolbe further
deduced that these were in fact microtwins, and that the temperature dependence of the process may
be associated with reordering that would ensue in the wake of the twinning a/6h1 1 2i partials as they
traverse the c0 particles.

The model of Kolbe is thus differentiated from other studies of microtwinning in the important as-
pect of the nature of the twinning partial dislocations. Partials of the type a/3h1 1 2i preserve the
ordering present in the L12 structure of the precipitates, and consecutive passage of these partials
on adjacent {1 1 1} planes would create true-twins in the c0 particles. In contrast, while the
a/6h1 1 2i type partials proposed by Kolbe are twinning partials of the FCC matrix, passage of these
partials on consecutive {1 1 1} planes in the L12 structure would create a ‘‘pseudo-twin” which would
no longer have the L12 structure. The pseudo-twin would have an orthorhombic structure in which a
large number of unfavorable, high-energy nearest neighbor bonds (i.e. Al–Al nearest neighbors in the
Ni3Al structure) would be created. Without presenting concrete supporting evidence, Kolbe proposed
that this high-energy structure would not be created, but instead the L12 structure of the twins in the
precipitates would be restored via thermally-activated reordering, as illustrated in Fig. 3 in which four
partial dislocations, grouped in pairs, are gliding on consecutive {1 1 1} planes. There are Al–Al nearest
neighbors created in the wake of the gliding dislocations, as highlighted with the bonds indicated in
the figure.

Fig. 3. Schematic of the key aspects of the microtwining deformation mechanism. Shear of c0-phase is accomplished by a pair of
1/6[1 1 2] partial dislocations. The highlighted Al–Al nearest neighbors can be eliminated by diffusion-mediated reordering, as
symbolized by the circular arrows.

844 L. Kovarik et al. / Progress in Materials Science 54 (2009) 839–873



Micro-twinning in Ni-based superalloys
Simulation geometry and procedure:
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Strengthening precipitate (γ ¢ phase) Matrix (γ)Matrix (γ)

Ø Composite simulation system (Ni-Al), containing g phase (matrix) and g ¢ phase (precipitate) 
regions and two edge dislocation dipoles.

Ø LAMMPS package; Ni-Al interatomic potential by Mendelev.
Ø Simulation cell size: ~100×2.5×29 nm3 (~700,000 atoms).
Ø PBCs in all directions.
Ø The system was relaxed at T = 1000K, using hybrid MC/MD prior to introduction of dipoles.
Ø The dipoles were positioned in such a way that individual dislocations of upper and lower 

dislocation pairs would glide on adjacent {111} planes when a sxz shear stress was applied.
Ø The MD deformation simulations were carried out under applied shear stress sxz = 800 MPa.



Discovered twin nucleation and growth mechanism
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Ø The first step of twin nucleation and growth is formation of SISF inside precipitate.



Discovered twin nucleation and growth mechanism

Ø The first step of twin nucleation and growth is formation of SISF inside precipitate.

Strengthening precipitate (γ ¢ phase) Matrix (γ)

SISF formation (discovered via MD simulation); colored according to lattice structure; Ni atoms are not shown 



Discovered twin nucleation and growth mechanism
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Ø The second step of twin nucleation and growth is formation of SESF inside precipitate.

Ø Recurring arrival of additional lattice dislocations from γ matrix will lead to growth of twin.  



Discovered twin nucleation and growth mechanism
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a) Arrival of the 1st BC dislocation 
to the interface

b) The 2nd BC dislocation, arriving to the interface 
(on the plane below) “pushes” the 1st one inside the 
precipitate (as a result, APB is produced). 

c) In addition, the arrival of the 2nd BC dislocation 
triggers nucleation and emission of Aδ Shockley 
partial (at the interface, on the glide plane of the 
1st BC dislocation). This converts APB left by the 1st BC 
into SISF. 

d) The Aδ Shockley quickly propagates towards the 
1st BC dislocation, extending SISF into the precipitate.



Discovered twin nucleation and growth mechanism
γ γ ’

SISF

e)

CSF(δB)APB

ISF(δB)

γ γ ’

SISF

f)

CSF(δB)

γ γ ’

g)

CSF(δB)

γ γ ’

SESF

CSF(δB)

micro-twin

CSF(δB)APB
SESF

SISF

CSF(δB)APB
SESF

CSF(δB)APB

h)

e) Following the same logic, arrival of another BC 
dislocation one plane above the configuration 
depicted in d) will trigger the repetition of the 
processes described in c)-d) on the corresponding 
planes.

f) In particular, the arrival of the 3rd BC dislocation will 
trigger nucleation of yet another Aδ Shockley leading 
to formation of SESF embryo.

g) Propagation of this Aδ Shockley into precipitate
will remove APB left by the 2nd BC dislocation and 
extend the SESF into precipitate. 

h) Recursive arrival of additional BC dislocations on the 
planes above the configuration depicted in g) will lead 
to formation and growth of the twin.



Comparison with the Kolbe mechanism
Ø In the Kolbe mechanism twin can grow only due to passage of two Shockley partials that create 2-layer CSF that can be reordered. 

The process adds two layers to the twinned structure. The reordering is the rate limiting process.

Ø In the proposed mechanism reordering is not involved. The rate limiting process is nucleation of Shockley partial. Single step adds one layer. 
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Ø We propose a new twin nucleation and growth 
mechanism in Ni-superalloys.

Ø It is qualitatively different from the Kolbe 
mechanism.

Ø The rate-limiting process in the Kolbe mechanism is 
thermally activated reordering (via vacancy diffusion). 

Ø The rate-limiting process of the new mechanism is 
nucleation of the Shockley partial.

Ø Studying rate-limiting processes of both mechanisms 
will allow us to propose changes in alloy composition, 
that would make the material stronger.

Conclusions
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Schematics of the discovered twin growth mechanism 

The first step of new twin growth mechanism: 
formation of super intrinsic stacking fault (SISF)


