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A B S T R A C T   

In this paper, from both experimental and atomistic simulation perspectives, we have systematically elaborated 
on the formation of stacking fault tetrahedrons that induces the pop-in events in Ni-based single crystal super-
alloys under nanoindentation. The magnitude of a displacement burst is proportional to the number and size of 
stacking fault tetrahedrons. The external work and strain energy stored in dislocations are further discussed in 
order to ascertain the energy conversion during pop-in events. The findings can provide new insights into a deep 
understanding of the pop-in events in Ni-based single crystal superalloys and benefit their wide applications in 
the aerospace industry.   

1. Introduction 

Over the past few decades, depth-sensing nanoindentation experi-
mental and numerical technologies have been well developed to obtain 
the mechanical properties and deformation mechanisms of metallic 
materials at micro- and nano-meter scales [1–4]. The indentation force- 
and hardness-depth curves can be utilized to extract the mechanical 
properties such as average hardness, elastic modulus and adhesion 
performance. Displacement bursts are usually observed in indentation 
force-depth curves of a material when indentation depth is less than 
several tens of nano-meters. This is believed to be an elastic-to-plastic 
transition, which is also known as “pop-in events” [5–9]. 

The pop-in events can be classified into two categories in indentation 
force-depth curves of metallic materials. One is the first pop-in event 
with a larger magnitude of displacement burst, and the other is subse-
quent successive pop-in events with smaller displacement excursions 
[10]. It is shown that pop-in events can be also divided into alternative 
two categories depending on crystal structures of materials. In the first 
category, the pop-in event occurs only once (i.e., the so-called single 
pop-in) in body-centered cubic metals. However, in the second category, 
several pop-in events take place in face-centered cubic metallic 

materials that is referred to the successive pop-in [11–14]. Moreover, 
pop-in modes are related to the shape of an indenter and crystalline 
orientation [10,15]. To examine the underlying nature of these pop-in 
modes, numerous nanoindentation experiments, theoretical analyses 
and molecular dynamic (MD) simulations have been carried out to 
ascertain the corresponding intrinsic mechanism in metallic materials 
[10,11,16–18]. For example, Shibutani et al. [11] explored the pop-in 
events and their mechanisms in face-centered cubic single crystal ma-
terials by experiments, and indicated that these events are related to slip 
of perfect dislocations and activation of partial dislocations. Xia et al. 
[10] explained the mechanism of pop-in mode and found that the first 
pop-in event occurs near a theoretical shear stress and the heteroge-
neous dislocation nucleation may be responsible for subsequent pop-in 
events. Furthermore, Zhou et al. [16] investigated the pop-in modes 
and deformation mechanisms in face- and body-centered cubic struc-
tural metals, and their MD simulations showed that the nucleation order 
of half prismatic dislocation loops is the main reason for different pop-in 
patterns in these two kinds of crystalline structures. Nevertheless, it is 
worth noting that most of these studies are focusing on pop-in modes in 
order to identify predominant deformation mechanisms. Due to the lack 
of real-time and in-situ experimental results and a visible dislocation 
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evolution technique, there is still not a consensus on the deformation 
mechanism of pop-in events. Especially, the dislocation evolution during 
pop-in events remains unexplored. 

As is well known, Ni-based single crystal superalloys have been 
widely used in aeronautic and astronautic industries because of their 
excellent thermomechanical performance [19–21]. This is mainly 
attributed to the L12 Ni3Al precipitated phase, Ni3Al/Ni coherent in-
terfaces, and other doping elements. The presence of Ni3Al/Ni interfa-
cial misfit dislocation network structure is also a favorable factor that 
can absorb and impede active dislocations in Ni matrix and Ni3Al 
precipitated phase [22–24]. Thus, Ni-based single crystal superalloys are 
different from other single crystals in deformation mechanisms [25]. 
Due to safety concerns, it is vital to investigate the elastic-to-plastic 
transition and its underlying mechanism in Ni-based single crystal su-
peralloys. Since the elastic-to-plastic transition exactly corresponds to 
the first pop-in event [5–9], investigation can be performed by nano-
indentation. However, it is rather difficult, if not impossible, to experi-
mentally ascertain the mechanism behind pop-in events because of the 
lack of an in-situ nanoindentation technique with a proper temporal and 
spatial resolution. Fortunately, such a task can be resorted to MD 
simulations. 

In this paper, a series of nanoindentation experiments and MD 
indentation simulations are firstly performed in Ni-based single crystal 
superalloys, with the maximum indentation depths ranging from 50 to 
400 nm in testing and 4 nm in the MD model. Especially, pre-existing 
defects are concerned in the MD model, such as the Ni3Al/Ni interface 
misfit dislocation network and free surfaces. The interface misfit dislo-
cation network can block and absorb matrix dislocations in Ni-based 
superalloys and the free surface allows annihilation of dislocations. 
Therefore, the MD model is much closer to an actual material in com-
parison with others in literature and thus, it can produce indentation 
force- and hardness-depth curves that are consistent with that from 
experiments. Then, pop-in events are investigated at macroscopic and 
atomistic levels and the corresponding dislocation evolution is visual-
ized. This can help to better reveal the deformation mechanism behind 
pop-in events of Ni-based single crystal superalloys. After that, an en-
ergy conversion model is constructed to reveal the underlying mecha-
nism through the energy conversion between external work and strain 
energy stored in dislocations during pop-in events. Finally, the magni-
tudes of displacement bursts in pop-in events are discussed. 

2. Experiments 

2.1. Specimen and microscopic observation 

Ni-based single crystal superalloys were prepared by a cylindrical 
bar with a diameter of 1.5 cm and a length of 17 cm. Its chemical 
composition mainly contains Cr, Co, W, Ta and Re elements. The sam-
ples with a thickness of 1 mm for nanoindentation tests and electron 
microscopy observations were sliced from a cylinder using a diamond 
wire saw. Then, they were electrochemically polished through a DC 
power supply with an electrolyte consisting of 40% sulfuric acid and 
60% deionized water at room temperature (see Fig. S1 in supplementary 
materials). The surface quality of electrochemically polished specimens 
was carefully examined to ensure that there was no significant me-
chanical damage or a work hardening layer [26,27]. 

Before nanoindentation, microstructures of a specimen were char-
acterized by transmission electron microscope (TEM, JEOL JEM-2100F) 
and scanning electron microscope (SEM, ZEISS Supra-55). Foil for TEM 
observation was thinned and polished to a thickness of 50 μm, and then 
punched to a disc of 3 mm in diameter and further perforated by twin-jet 
electro-polishing with solution of 5 vol% perchloric acid and 95 vol% 
alcohol at a temperature of − 45 ◦C and a voltage of 65 V [28,29]. Based 
on the TEM image, Ni-based single crystal superalloys exhibit a mosaic 
structure that consists of a precipitated phase Ni3Al with an average size 
of ~500 nm in edge length and a matrix phase Ni with an average 

thickness of ~70 nm (see Fig. 1(a)). Fig. 1(b) further shows single misfit 
dislocations of the Ni3Al/Ni interphase interface misfit dislocation 
network before the application of any indentation. In addition, the ZEISS 
Supra-55 SEM with electron backscattering diffraction (EBSD) was used 
to characterize the crystalline orientation. The EBSD images indicate 
that the surface normal of samples is along the [001] crystalline orien-
tation (Fig. S2). Finally, the surface indentation morphology of a sample 
was observed by SEM after nanoindentation. 

2.2. Nanoindentation tests 

Nanoindentation was carried out with an Agilent Nano Indenter 
G200 testing system to evaluate hardness and indentation behaviors of 
Ni-based single crystal superalloys. Indentation tests were made by a 
diamond Berkovich indenter with a nominal radius of 230 nm, whose 
area function was determined through calibration with a fused silica 
standard specimen. All indentations were performed under a constant 
loading rate of 0.05 s− 1. During indentation, continuous stiffness mea-
surement [30,31] was adopted with a harmonic frequency of 75 Hz and 
a root mean squared displacement amplitude of 2 nm. A prescribed 
target depth ranging from 50 to 400 nm was set before unloading. >30 
indentations were measured at each target depth in arrays with a 
spacing of 10 μm to avoid interference between adjacent indentations. 
After that, SEM observations were adopted to pick out indentations 
located at the Ni3Al precipitate with the maximum indentation depth of 
50 nm in order to compare with MD simulations. Further, data with the 
maximum indentation depth exceeding 50 nm were verified by the 
indentation depth effect on hardness of the entire composite structure. 
The indentation force- and hardness-depth curves were extracted to 
analyze mechanical properties and indentation behaviors [32]. 

3. Numerical simulations 

3.1. Molecular dynamic models 

Ni-based single crystal superalloys consist of the pure face-centered 
cubic Ni matrix and L12 Ni3Al precipitates, which cause mismatch of a 
Ni3Al/Ni interfacial lattice [33]. As is known, lattice misfit corresponds 
to deformation of an invariant lattice. The mismatch δ is defined as the 
normalized difference of a lattice parameter between Ni and Ni3Al 
phases, that is 

δ = 2
aγ′ − aγ

aγ′ + aγ
(1)  

where aγ is 3.52 Å for Ni and aγ′ is 3.573 Å for Ni3Al [34]. For the Ni3Al/ 
Ni system, δ is 1.5%. As the mismatch exceeds the limit of elasticity, 
Ni3Al/Ni interfacial misfit dislocation network can be formed on inter-
phase interface to reduce distorted energy of the system. Considering the 
concept of a coincident site lattice on a misfit interphase interface, such 
a relationship can be written as 

naγ′ = (n+ 1)aγ (2)  

where n is the n-fold of lattice parameter, which is represented as 

n =
aγ

aγ' − aγ
. (3) 

As to the coincident site lattice on a misfit interphase interface, there 
are at least 66 Ni3Al and 67 Ni lattices to relax stress induced by the 
difference of lattice parameters. As shown in Fig. 2(a), the Ni3Al/Ni 
mosaic structure contains a Ni3Al precipitated cube with a size of 23.6 ×
23.6 × 23.6 nm3 surrounded laterally by Ni matrix with a thickness of 
1.4 nm. The thickness of bottom Ni matrix is set to be 2.8 nm (see Fig. 2 
(a)). Therefore, the Ni3Al/Ni mosaic substrate is created in a cubic shape 
with a size of 26.4 × 26.4 × 26.4 nm3 along the [010], [001] and [100] 
directions, containing ~1,634,000 atoms. The bottom region with a 
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thickness of 1.0 nm is frozen. During indentation, free boundary con-
ditions are introduced in lateral directions, allowing dislocations to 
annihilate at free surface. A hemisphere shell diamond indenter is used 
with a diameter of 12 nm (~34,000 atoms) and the indentation is along 
the [001] crystalline orientation. The indenter shape chosen in simula-
tions is based on the fact that, when pop-in events occur below the 
indentation depth of tens of nm in experiments, the contact area is 
spherical between an indenter and a sample [35,36]. Thus, the condi-
tions in MD simulations are comparable with that of experiments so that 
we can focus on the mechanism of pop-in events without noise from the 
indenter shape and crystalline orientation. 

Because of the lattice misfit between Ni and Ni3Al, an interfacial 
misfit dislocation network is formed on the Ni3Al/Ni interphase inter-
face to reduce the distorted energy and accommodate the misfit strain 
[37]. Here it is worth noting that the interfacial misfit dislocation 
network was experimentally observed [38,39] and its role in creep rate 
was analyzed [40]. It is seen from Fig. 2(b) that, due to the influence of 
top free surface, the Ni3Al/Ni interfacial misfit dislocation network 
structure differs from an ideal structure [22,23,37], with parts of 1/2 
〈110〉 perfect dislocations near the top free surface decomposing to 
several 1/6 〈112〉 Shockley dislocations. 

3.2. Potential function and numerical methods 

Atomistic simulations were performed by using the Largescale 
Atomic/Molecular Massively Parallel Simulator [41]. A potential func-
tion based on the embedded-atom method for the Ni-Al system was 
taken to describe interatomic interactions in Ni3Al and Ni [42,43]. In 

such a function, the total energy, U, of a system is written as 

U =
∑

i,j
i∕=j

VEAM
(
rij
)
+
∑

i
F(ρi) (4)  

where VEAM(rij), the pair potential, is a function of the distance rij be-
tween atoms i and j, F is the embedding energy of atom i, and ρi is the 
electron density, which can be calculated by 

ρi =
∑

i∕=j

gj
(
rij
)

(5)  

where gj(rij) is the electron density of atom j. The force between the 
diamond indenter and Ni3Al/Ni mosaic substrate is defined with a two- 
body Lennard-Jones potential function [44], that is, 

E = 4
∑

i,j
i∕=j

εij

[(
σij

rij

)12

−

(
σij

rij

)6
]

(6)  

where εij and σij are the cohesive energy and the equilibrium distance. 
Their values are 2.31 × 10− 4 eV, 0.2852 nm for C-Ni interactions [45], 
and 3.15 × 10− 4 eV, 0.2976 nm for C-Al interactions [46], respectively. 
The cutoff distance is 0.8 nm. Here C denotes carbon, the chemical 
element consisting of the diamond indenter. It is shown that the 
embedded-atom method for the Ni-Al system and the two-body Lennard- 
Jones potential function can well describe the nanoindentation prop-
erties of Ni-based single crystal superalloys [19,20,23]. 

Nanoindentation simulations were carried out by integrating New-
ton's equations of motion for all atoms with a time step of 1 fs. At the 
start of simulations, initial configurations were energetically minimized 
by relaxing all samples for 50 ps at 1 K to avoid the temperature effect. 
The indentation speed and step increment were 10 m s− 1 and 2.0 × 10− 2 

nm, respectively. The maximum indentation depth was 4 nm. Defor-
mation and the dislocation evolution within Ni3Al/Ni mosaic substrate 
can be recognized via the common neighbor and dislocation analysis 
and then, they were visualized with software OVITO [47]. 

4. Results 

4.1. Pop-in events in nanoindentation 

Fig. 3 shows typical force- and hardness-depth curves of Ni-based 
single crystal superalloys from indentation normal to the sample (001) 
crystal surface with the maximum indentation depth of 50 nm. As 
indentation depth is <13 nm, indentation force increases until it arrives 
at a peak value, declaring the elastic deformation and following the 
Hertzian contact theory [48]. Then, a sudden displacement burst occurs, 
corresponding to a hardness drop, namely a pop-in event 

Fig. 1. (a) The microstructure of Ni-based single crystal superalloys obtained by TEM. γ and γ’ represent the Ni matrix and Ni3Al precipitated phases, respectively. 
Inset at the upper right corner is the selected area electron diffraction pattern. (b) The TEM image of the interfacial misfit dislocation network with arrow heads 
marking the dislocations. 

Fig. 2. (a) The MD nanoindentation simulation model for a Ni3Al/Ni mosaic 
structure, (b) the Ni3Al/Ni interfacial misfit dislocation network after relaxation 
by dislocation analysis with green, purple and blue lines indicating 1/6<112>
Shockley, 1/6<110> stair-rod and 1/2<110> perfect dislocations, respec-
tively, and FCC structures are removed for clarity. 
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[10,12,15,49–51]. Subsequently, with the increase of indentation depth, 
force increases and similar pop-in events appear. Finally, hardness 
gradually decreases to 10.5 GPa at the maximum indentation depth. 
Here, it is worth noting that all pop-in events can be classified into two 
categories by magnitudes of their displacement bursts: the first pop-in 
and the subsequent pop-in events. The first pop-in event produces a 
larger magnitude of displacement burst, which is two times of that of 
subsequent pop-in events (see Table 1) by counting 13 sets of data with 
the maximum indentation depth of 50 nm. Based on the morphology, 
indentation is located in the Ni3Al precipitated phase (see inset, the SEM 
morphology, in Fig. 3). 

As the maximum indentation depth increases beyond 50 nm, pop-in 
events were also observed (see Figs. S3 and S4 in supplementary ma-
terials). Since the indentation area contains both Ni3Al precipitates and 
Ni matrix separated by Ni3Al/Ni interfaces (see Fig. S4), it implies that 
Ni3Al/Ni interfaces do not affect the occurrence of pop-in events. When 
the maximum indentation depth increases to 400 nm, hardness de-
creases from 9.8 to 7.0 GPa, as shown in Fig. S5(a). These values can be 
well fitted by the Nix-Gao model [52], which shows that the square of 
hardness is inversely proportional to the maximum indentation depth 
(see Fig. S5(b)). This provides evidence for the effectiveness of our 
nanoindentation experiments. 

4.2. Dislocation reaction during pop-in events 

To better understand pop-in events, MD indentation simulations 
were performed with dislocation activities being monitored (see Fig. 4 
and Fig. S6). It is seen that, as the increase of indentation depth from 
0 (point A in Fig. 4), indentation force- and hardness-depth curves rise 
with the Ni3Al/Ni interfacial misfit dislocation network structure 
remaining stable (see Fig. 5). Further, when indentation depth arrives at 
0.7 nm (point B in Fig. 4), a 1/6 < 112> Shockley dislocation (Fig. 5(b)) 
nucleates with a layer of tilted stacking fault behind it (hereafter the 1/6 
< 112> Shockley dislocation is referred to as the 1/6 < 112> disloca-
tion and similar terms are adopted for other dislocations). With the 
indentation depth reaching 0.92 nm (point C in Fig. 4), the indentation 
force-depth curve arrives to its peak, marking initiation of the first pop- 
in event. The configurational analysis shows that a few half-prismatic 
dislocation loops (half-PDLs) adhere under the upper surface of the 

Ni3Al/Ni mosaic substrate (see Fig. 5(c)). The displacement burst 
resulting from the first pop-in event ranges from 0.92 to 1.04 nm of 
indentation depth. During the first pop-in event, indentation force is 
almost unchanged at 0.55 μN, whereas the corresponding hardness ex-
hibits a sudden drop from 27.2 to 17.5 GPa. It is also shown that, at an 
indentation depth of 1.04 nm (point D in Fig. 4), several stacking fault 
tetrahedrons (SFTs) appear due to dislocation reactions (see Fig. 5(d)). 
Specifically, several half-PDLs nucleate at the beginning of the first pop- 
in event (see Fig. 6(a)). Then, one 1/6 < 112> dislocation from an 
extended dislocation in a half-PDL merges with the other 1/6 < 112>
dislocation from another half-PDL. The reaction can be written as 1/6 
[211] + 1/6[211] → 1/3[011]. The newly formed 1/3[011] acts as a 
boundary of an SFT (Fig. 6(b)). At the same time, another dislocation 
reaction with the form of 1/6[121] + 1/6[121] → 1/3[101] happens 
(Fig. 6(c)). These dislocation reactions can be detected from the change 
of dislocation lengths. It is seen from Fig. 7 that, as indentation depth 
increases from 0.92 to 0.98 nm, the length of 1/6 < 112> dislocation 
increases, while that of 1/3 < 110> dislocation remains unchanged. 
However, within the subsequent indentation depth ranging from 0.98 to 
1.04 nm, lengths of the 1/6 < 112> and 1/3 < 110> dislocations un-
dergo opposite variations due to 1/6 < 112> dislocations merging into 
1/3 < 110> dislocations. Such dislocation reactions result in formation 
of SFTs with the 1/3 < 110> dislocations acting as their boundaries (see 
Fig. 6(d) and Video S1). The completion of constructing SFTs precisely 
corresponds to the end of the first pop-in event. 

As indentation depth further increases to 1.4 nm (point E in Fig. 4), 
the hardness-depth curve reaches its local peak. The SFTs are still 
partially stable, although parts of them have decomposed to extended 
dislocations and propagated downward into Ni3Al precipitate (see Fig. 5 
(e)). However, with the increase of indentation depth, SFTs decompose 
to half-PDLs. These half-PDLs further extend into the interior of Ni3Al 
precipitate (see Fig. 5(f)). Here it is worth noting that, below an 
indentation depth of 2.3 nm (point F in Fig. 4), the interfacial misfit 
dislocation network does not change. However, with the continuous 
increase of indentation depth, the interfacial misfit dislocation network 
decomposes and interacts with half-PDLs, resulting in an indentation 
force oscillating around 1.4 μN (see Figs. S6 and S7 in supplementary 
materials). In addition, hardness (after the first pop-in) initially in-
creases and then continuously decreases with indentation depth in the 
MD simulation (see Fig. 4 with the indentation depth from 1.04 to 1.4 
nm). Such a tendency was also observed in experimental results (see 
Fig. 3 with the indentation depth from 16 to 21 nm). This consistency is 
attributed to the lateral free boundary conditions in our atomistic 

γ´

γ
1 μm

Pop-in

Fig. 3. Typical indentation force- and hardness-depth curves of Ni-based single 
crystal superalloys with pop-in events marked by black arrows. Inset is the SEM 
morphology of indentation. 

Table 1 
The corresponding displacement bursts of pop-in events from experimental data.  

Pop-in event 1-st 2-nd 3-rd 4-th 5-th 6-th 

Displacement burst (nm) 3.64 1.48 1.18 1.33 1.28 1.17  

Fig. 4. The indentation force- and hardness-depth relationships of Ni3Al/Ni 
mosaic structure obtained by an MD nanoindentation simulation, where the 
black arrow indicates the first pop-in event and the shadow region represents its 
displacement burst. 

Z. Zhang et al.                                                                                                                                                                                                                                   



Materials Characterization 200 (2023) 112883

5

simulation model, which allow annihilation of dislocations at free sur-
faces. On the contrary, the lateral periodic boundary conditions miss this 
consistency [53,54]. 

The decomposing process of SFTs initiates from decomposition of 
their lower boundaries (1/3 < 110> dislocations) (see Fig. 8(a), which 
shows two SFTs). The decomposing reaction of a 1/3 < 110> dislocation 
undergoes exactly the reverse reaction as it forms, i.e., 1/3 < 110> → 1/ 
6 < 112> + 1/6 < 112>. The newly produced 1/6 < 112> dislocations 

extend downward into Ni3Al precipitate (see Fig. 8(b)). With the further 
increase of indentation depth, the entire left SFT has completely 
decomposed to 1/6 < 112> extended dislocations (Fig. 8(c)). Finally, all 
of the SFTs formed during the first pop-in event decompose to 1/6 <
112> extended dislocations and half-PDLs (see Fig. 8(d) and Video S2). 

Similarly, subsequent pop-in events also precisely relate to formation 
of new SFTs after decomposition of old ones. Although the space under 
an indenter in Ni3Al precipitate is full of disorganized 1/6 < 112>

Fig. 5. Dislocations evolve in Ni3Al/Ni 
mosaic substrate at various indentation 
depths of (a) 0, (b) 0.70, (c) 0.92, (d) 1.04, 
(e) 1.40 and (f) 2.30 nm, corresponding to 
points A–F in Fig. 4. Structures of disloca-
tions visualized by dislocation analysis with 
green, purple, orange, yellow and blue lines 
indicating 1/6<112> Shockley, 1/6<110>
stair-rod, 1/3<110>, 1/3<100> Hirth, and 
1/2<110> perfect dislocations, respec-
tively. Red atoms representing stacking 
faults and FCC structures are removed for 
clarity.   

Fig. 6. The process of 1/6<112> + 1/6<112> → 1/ 
3<110> dislocation reactions during the first pop-in 
event at various indentation depths of (a) 0.96, (b) 
1.00, (c)1.02 and (d)1.04 nm. Black dash circles 
represent spots at which dislocation reactions 
happen. Microstructural evolution is analyzed by the 
dislocation analysis, with stacking fault atoms being 
colored in red. 1/6<112> Shockley, 1/2<110>
perfect, 1/6<110> stair-rod, 1/3<110> and 1/ 
3<100> Hirth dislocations are shown with green, 
blue, purple, orange, and yellow lines.   
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extended dislocations and half-PDLs, their frequent merging and 
decomposing reactions lead to generation of a new SFT by coincidence 
(see Fig. 9 and Video S3). In contrast to the first pop-in event, formation 
of a new SFT always confronts the same spatial condition during sub-
sequent pop-in events. This brings almost the same magnitude of sub-
sequent displacement bursts. 

5. Discussion 

As seen in Fig. 10(a), displacement bursts of subsequent pop-in 
events are about half of the magnitude of the first pop-in event. To 
show the correlation of pop-in events between experiments and MD 
simulations, displacement bursts are respectively normalized by their 
own values, corresponding to their first pop-in events. This consistency 
between the experimental data and MD simulations partially verifies the 
dislocation reactions that dominated the magnitude of displacement 
bursts of pop-in events. It is expected that the dislocation reactions can 
be experimentally observed after establishment of an in-situ nano-
indentation system with an accurate temporal and spatial resolution in 

Fig. 7. Lengths of 1/6<112> and 1/3<110> dislocations change with the 
indentation depth during the first pop-in event. 

Fig. 8. The decomposing process of SFTs following the first pop-in event at various indentation depths of (a) 1.24, (b)1.44, (c)1.58 and (d)1.74 nm. Microstructural 
evolution is analyzed by the dislocation analysis, with stacking fault atoms being colored in red. 1/6<112> Shockley, 1/2<110> perfect, 1/6<110> stair-rod, 1/ 
3<110> and 1/3<100> Hirth dislocations are shown with green, blue, purple, orange, and yellow lines. 

Fig. 9. The generation of a new SFT during the second pop-in event at indentation depths of (a) 2.22 and (b) 2.26 nm. The white atoms represent those involved in 
the first pop-in event, and a black dash circle marks the spot where dislocation reactions happen, and FCC structures are removed for clarity. 
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the future. Fig. 10(b) further shows that the relative position of pop-in 
events does not coincide between the MD simulation and experiment. 
This is attributed to pop-in events corresponding to the occasional 
construction events of SFTs. Therefore, various numbers of pop-in events 
at flexible positions of a force-depth curve were exhibited in samples 
[54]. Based on MD simulations, pop-in events are closely related to 
dislocation reactions that result in SFTs, which are common micro-
structures in close-packed materials [55,56]. 

To find out the underlying mechanism of dislocation reactions 
dominated pop-in events, an energy conversion model was constructed 
by analyzing the energy conversion between external work and strain 
energy stored in dislocations and stacking faults [57]. Given that there 
are no dislocation reactions during a pop-in event, the strain energy 
stored in dislocation lines is derived by using the model. Then, the en-
ergy due to dislocation reactions is taken out and the remnant strain 
energy can be checked out by external work. Specifically, the strain 
energy (ξd) stored in a dislocation line or curve with a length L can be 
expressed as 

ξd = αGb2L (7)  

where α is a coefficient related to the geometry of a dislocation, with α ≈
1 for a straight dislocation line and α ≈ 1/2 for a bent dislocation curve. 
The latter was adopted because almost all dislocations participating 
reactions are bent. G = 77.8 GPa is the shear modulus of Ni3Al [58], and 
b is the magnitude of a Burgers vector. For the 1/6 < 112> + 1/6 <
112> → 1/3 < 110> dislocation reaction, two 1/6 < 112> dislocations 
merge to one 1/3 < 110> dislocation in length (hereafter, the 1/6 <
112>+ 1/6 < 112> → 1/3 < 110> dislocation reaction is referred to as 
the 1/6 < 112> → 1/3 < 110> reaction for simplicity and similar 
statements are adopted for other kinds of dislocation reactions). Fig. 7 
shows that the length of 1/3 < 110> dislocation increases by 29.5 nm 
during the first pop-in event. Therefore, the length of 1/6 < 112>
dislocation merged to 1/3 < 110> dislocation is 29.5 × 2 = 59.0 nm. It 
can be seen from Fig. 7, the length of 1/6 < 112> dislocation increases 
by 30.6 nm in the indentation depth range of 0.92 to 0.98 nm. Given that 
the 1/6 < 112> → 1/3 < 110> reaction does not happen, the length of 
1/6 < 112> dislocation should increase by 59.0 + 30.6 = 89.6 nm 
within the indentation depth range of 0.92 to 1.04 nm, corresponding to 
the first pop-in event. This implies that the strain energy stored in 1/6 <
112> dislocation increases by αGb2ΔL = αGaγ′

2 (1/6) × 89.6 = 7.4 ×
10− 17 J, where aγ′ = 0.3573 nm is the lattice parameter of Ni3Al. In 
addition, the strain energy stored in stacking faults (ξSF) varies by 

ΔξSF = ζΔASF (8)  

where ζ= 125 mJ m− 2 is the stacking fault energy of Ni3Al [59], and ASF 
is the area of stacking faults. Since ASF grows by 5.8 × 10− 17 m2, the 
strain energy stored in stacking faults rises by 7.3 × 10− 18 J. Adding 
them together, the strain energy stored in dislocations and stacking 
faults goes up by 8.1 × 10− 17 J due to growth of 1/6 < 112> dislocation 
and stacking faults if the 1/6 < 112> → 1/3 < 110> reaction does not 
happen within the depth range of the first pop-in event. Since the growth 
of 1/6 < 112> dislocation and stacking faults converts external work 
imposed by the indenter to strain energy, it leads to reduction of loading 
force. This can be observed from indentation force-depth curves with 
generation of simple dislocation structures such as edge dislocation di-
poles and PDL pairs in Ni3Al [22,23]. 

Without an external force, a spontaneous dislocation reaction com-
plies with two conditions. The first condition demands that Burgers 
vectors are conserved with a reaction, and the second one requires that 
the strain energy stored in dislocations reduces after the reaction. With 
an external force, however, the second condition can be broken and the 
strain energy stored in dislocations may rise due to dislocation reactions. 
Based on Eq. (7), the released strain energy due to the 1/6 < 112> → 1/ 
3 < 110> reaction is αGa2(6/36 + 6/36–2/9) × 29.5 = 1.6 × 10− 17 J. 
Then, the strain energy stored in dislocations and stacking faults is 
derived as (8.1–1.6) × 10− 17 = 6.5 × 10− 17 J during the first pop-in 
event. This is well consistent with the external work (W) of 6.6 ×
10− 17 J calculated by. 

W = f S (9)  

where f = 0.55 μN and S = 0.12 nm are the average force and the 
magnitude of a displacement burst during the first pop-in event. Here 
the negligible difference results from other kinds of unconsidered dis-
locations with lengths varying below 3 nm and dissipation energy by 
dislocation glide. 

Similarly, subsequent pop-in events can be analyzed. However, in 
addition to the main 1/6 < 112> → 1/3 < 110> reaction, dislocation 
reactions during subsequent pop-in events are quite complicated, 
involving such as the 1/6 < 112> + 1/6 < 112> → 1/3 〈100〉 merging 
and the 1/2 < 110> → 1/6 < 112> + 1/6 < 112> + 1/6 < 110>
decomposing reactions. As shown in Fig. 11, the length of diverse dis-
locations drastically varies during the second pop-in event, denoting 
occurrence of frequent merging and decomposing reactions. Although 
analysis on the energy conversion is difficult through the entire second 
pop-in event, it is still implemented within a depth range with few 
dislocation reactions. Here, the indentation depth range is chosen from 
2.20 to 2.22 nm (see Fig. 11). Owing to growth of 1/6 < 112> dislo-
cations, strain energy increases by 2.7 × 10− 17 J. In addition, the strain 

Experiment

MD

(a) (b)

Pop-in

Fig. 10. (a) The normalized magnitudes of displacement bursts in pop-in events (five in MD simulation and six in experiment, respectively) and (b) the normalized 
force-depth curves, where arrow heads mark the positions of pop-in events. 
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energy stored in stacking faults raises by 1.2 × 10− 18 J. Then, the 
released strain energies due to the 1/6 < 112> → 1/3 < 110> and the 1/ 
2 < 110> → 1/6 < 112>+ 1/6 < 112>+ 1/6 < 110> reactions are 0.4 
× 10− 17 J and 0.2 × 10− 17 J, respectively. Putting them together, the 
strain energy stored in dislocations and stacking faults goes up by 2.2 ×
10− 17 J, which is consistent with the external work of 2.3 × 10− 17 J 
within the indentation depth range of 2.20 to 2.22 nm. 

As seen from Table 2 and Fig. S8, energy is absorbed during growth 
of 1/6 < 112> dislocations, representing that the external work is 
transferred to strain energy stored in dislocations and stacking faults. In 
contrast, dislocation reactions to form SFTs release strain energy and 
this implies that the Ni3Al/Ni mosaic substrate does work to the exterior. 
The balancing effect between energy absorption and release produces a 
plateau in the force-depth curve, indicating occurrence of a pop-in 
event. It is obvious that, during the first pop-in event, only the 1/6 <
112> → 1/3 < 110> merging reaction happens. There is plenty of space 
in the Ni3Al precipitate for growth of 1/6 < 112> dislocations. This 
prolongs the reaction time if dislocations react at a constant rate and 
thus leads to a bigger magnitude of displacement burst during the first 
pop-in event. However, subsequent pop-in events appear as new SFTs 
form through merging and decomposing dislocation reactions in the 
region full of disorganized 1/6 < 112> extended dislocations and half- 
PDLs. This, therefore, brings almost the same magnitude of displace-
ment bursts during subsequent pop-in events. This also leads to the 
growing deviation of strain energy stored in dislocations and stacking 
faults from the external work during subsequent pop-in events as the 
energy conversion model is adopted. 

Shibutani et al. [11] explored the pop-in events and their mecha-
nisms by theoretical analyses. Instead of the energy evolution of dislo-
cation reactions, their focus was on the slip of perfect dislocations and 
activation of partial dislocations. Here, our energy conversion and MD 
models are checked out by Ni-based single crystal superalloys in the 
present work. Since the lattice parameters, such as that in face-centered 
cubic, body-centered cubic and hexagonal close packed materials, are 
involved in the models, it is expected that they can be extended and 

applied to depict the mechanical properties dominated by dislocation 
activities (e.g., reaction and annihilation) in other metals or alloys. 
Factors such as the crystal structure, loading and surface orientation can 
also affect the magnitude of displacement bursts. However, they are not 
taken into account because pop-in events originate from dislocation 
activities in nature. Thus, the energy conversion model and its accuracy 
depend on dislocation reaction forms (e.g., decomposition and 
mergence), dislocation types (e.g., 1/6 < 112> Shockley and 1/3 <
100> Hirth), and the length of dislocation lines. 

The discrepancy of hardness between experimental and MD simu-
lation results originates from sample and indenter sizes and loading 
rates. This precisely reflects the physical mechanism since the me-
chanical properties such as yield strength and hardness increase with the 
decrease of sample and indenter sizes and the increase of loading rates 
[60–62]. Moreover, dislocations in an L12 structure tend to propagate in 
pairs since their minimum Burgers vector is two times of that of a face- 
centered cubic structure [20]. In addition, given that there is an elastic 
to plastic transition in Ni3Al/Ni mosaic substrate, occurring at the 
initiation of the first pop-in event, the indenter tip can be roughly 
considered as a spherical shape in both experiments and numerical 
simulations. Then, the size-independent indentation modulus E* can be 
calculated by using the Hertz formula, E* = 3P

4
̅̅̅
R

√ ̅̅̅̅
h3

√ , where P and h 
represent force and indentation depth at the initiation of the first pop-in 

Fig. 11. Lengths of (a) 1/6<112>, 1/6<110>, 1/3<110> and 1/3<100> and 
(b) 1/2<110> dislocations vary with indentation depths during the second 
pop-in event, with shadow regions selected for analysis of energy conversion 
between external work and strain energy. 

Table 2 
Dislocation reactions and the energy conversion between external work and 
strain energy stored in dislocations during pop-in events. Values in brackets are 
selected for analysis of energy conversion during subsequent pop-in events.  

Pop- 
in 

Depth range 
(nm) 

Average 
force 
(μN) 

Dislocation 
reactions 

Strain 
energy 
(× 10− 17 

J) 

External 
work (×
10− 17 J) 

1-st 0.92–1.04 0.55 
1/6 < 112> +

1/6 < 112> → 
1/3 < 110>

6.5 6.6 

2-nd 2.18–2.26 
[2.20–2.22] 

1.15 

1/6 < 112> +

1/6 < 112> → 
1/3 < 110>
1/2 < 110> → 
1/6 < 112> +

1/6 < 112> +

1/6 < 110>

2.2 2.3 

3-rd 2.40–2.46 
[2.42–2.44] 

1.32 

1/6 < 112> +

1/6 < 112> → 
1/3 < 110>
1/6 < 112> +

1/6 < 112> → 
1/3 < 100>
1/6 < 112> +

1/6 < 112> → 
1/6 < 110>

1.6 2.6 

4-th 
3.18–3.26 
[3.20–3.22] 1.25 

1/6 < 112> +

1/6 < 112> → 
1/3 < 110>
1/3 < 100> → 
1/6 < 110> +

1/6 < 110>

1.9 2.5 

5-th 
3.52–3.58 
[3.54–3.56] 1.29 

1/6 < 112> +

1/6 < 112> → 
1/3 < 110>
1/6 < 112> +

1/6 < 112> → 
1/3 < 100>
1/2 < 110> → 
1/6 < 112> +

1/6 < 112> +

1/6 < 110>

2.2 2.6  
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event, and R indicates the radius of an indenter. As listed in Table 3, the 
value of E* from experimental data accords well with that from MD 
results, which is consistent with the previous experimental results [63]. 
Here it is worth noting the influence of the dissimilar loading rate on the 
indentation hardness discrepancy between the MD and experimental 
results. Normally, the MD simulation carries out at a loading rate of 4.2 
× 108 s− 1 while it is ~0.05 s− 1 in experiments. Therefore, the MD 
simulation with a higher loading rate usually generates a bigger 
indentation hardness at the initiation of the first pop-in event in contrast 
to that in experiments. However, the discrepancy of hardness at the 
elastic regime between experimental data and MD simulations has no 
influence on dislocation evolution mechanisms at the plastic regime 
corresponding to pop-in events induced by occasional construction of 
SFTs. 

Moreover, according to studies on the dimensional dependence of 
hardness and dislocation evolution during nanoindentation processes 
[64], total and geometrically necessary dislocation densities, as well as 
hardness, increase with decreasing depths. In the present work, the 
indentation depth effect of Ni-based single crystal superalloy shows that 
the square of hardness is inversely proportional to the maximum 
indentation depth (see Fig. S5(b)). This trend of hardness varying with 
depth echoes the results of Javaid et al. [64]. Furthermore, we calcu-
lated the energy conversion during the evolution (formation or 
decomposition) of the 1/2 < 110> full dislocation during pop-in events. 
The result shows that its evolution accounts for <10% of the entire 
energy conversion. That is, the 1/2 < 110> full dislocation makes a little 
contribution to mediate pop-in events. 

6. Conclusions 

In this paper, we have combined nanoindentation experiments with 
MD simulations to investigate the pop-in events in Ni-based single 
crystal superalloys, particularly on Ni3Al precipitate. It is shown that 
there is a serial of pop-in events in indentation force-depth curves. MD 
simulations revealed that pop-in events result from formation of SFTs 
due to dislocation reactions. An energy conversion model was built to 
analyze the energy conversion between the external work and strain 
energy stored in dislocations. The main conclusions can be summarized 
as follows: 

(1) The pop-in events correspond to a process of continuously con-
structing SFTs in Ni3Al precipitate. SFTs can decompose to 1/6 <
112> extended dislocations and half-PDLs.  

(2) There is only one kind of dislocation reaction during the first pop- 
in event. As two 1/6 < 112> dislocations meet, they react and 
merge into a 1/3 < 110> dislocation, which acts as a boundary of 
an SFT.  

(3) The formation of new SFTs during subsequent pop-in events is 
accompanied by merging and decomposing dislocation reactions 
at the space full of 1/6 < 112> extended dislocations and half- 
PDLs. This leads to almost the same magnitude of displacement 
bursts, which is half of that in the first pop-in event.  

(4) The continuous generation of 1/6 < 112> dislocations converts 
the external work to strain energy stored in dislocations, while 
dislocation reactions to form SFTs release the strain energy. The 
balance of energy conversion between external work and strain 
energy yields a plateau in a force-depth curve, denoting occur-
rence of a pop-in event. 

It is expected that these findings can provide new insights into a deep 
understanding of the deformation mechanism of pop-in events in Ni- 
based single crystal superalloys and benefit their wide applications in 
the aerospace industry. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.matchar.2023.112883. 
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