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constituent phases of Ni-base superalloys, in-situ characterization
tools are needed to directly probe their mechanical responses. In
the current study, nanoindentation measurement of the constituent
phases of a Ni-base superalloy was compared to results from the
nano-compression testing of freestanding cuboidal γ' particles to
assess the influence of sample sizes on mechanical properties.
Additionally, the effect of the Ga+ ion implantation on the
nanoscale mechanical properties was also assessed.

Abstract
Using an AFM-based instrumented nanoindentation system, the
nanoindentation response of γ' particles (Ni3Al) in a Ni-base
single crystal superalloy CMSX-4 was characterized to
demonstrate the influence of the softer γ matrix on the
measurement of nano-mechanical properties of γ' particles. The
properties of the γ' particles were measured after both a standard
and a coarsening heat treatment, in which the initially sub-micron
sized cuboidal γ' particles transformed to large, irregularly shaped
γ' precipitates with dimensions in excess of 30 μm. The measured
nano-hardness of the coarsened γ' precipitates in CMSX-4 appears
to increase slightly with the increasing load. Nano-compression
testing of cuboidal γ' particles, electrolytically extracted from a
CMSX-4 after a standard solution and age heat treatment, was
also performed. With a maximum value of 10 GPa, the measured
yield stress of these dislocation-free γ' particles approaches the
ideal strength and is equivalent to ~G/17. Compared to the
measured yield strengths of γ' phase in its bulk crystal form, these
nano-compression results are more than a factor of 33 higher.
Additionally, the ‘softening’ effect of Ga+ ion implantation on the
strength of dislocation-free nanocrystals was also assessed. The
resulting yield strengths of cuboidal γ' precipitates imaged with a
focused ion beam were at least 5 GPa lower than those that had
not been subjected to Ga+ ion implantation.

Experimental Materials and Procedures
CMSX-4 superalloy is a second generation single crystal Ni-base
superalloy. Single crystal samples of CMSX-4, with a nominal
chemistry of Ni–6.5Cr–9.0Co–0.6Mo–3.0Re–6.0W–5.6Al–1.0Ti–
6.5Ta–0.1Hf (wt.%), were subjected to the standard three-step
heat treatment process that consisted of a solution heat treatment
at 1320˚C for 2 h, followed by a primary age at 1140˚C for 6 h
and a secondary age at 870˚C for 16 h [12]. Following this heat
treatment, the microstructure of the ‘standard’ CMSX-4 consisted
of a uni-modal distribution of cuboidal γ' particles with coherent
interfaces and edge lengths varying between 300 nm and 500 nm
[12]. For this alloy, the magnitude of the lattice misfit between the
γ and γ' phases, defined as 2(aγ'-aγ)/(aγ'+aγ), has been reported to be
(1.0±0.5)×10-3 within the interdendritic region and (-4.5±0.5)×10-3
within the dendritic core at room temperature [13].
Nanoindentation of constituent phases of CMSX-4

Introduction

To induce the formation of semi-coherent, coarsened γ'
precipitates, CMSX-4 samples with the standard heat treatment
condition were first compressed at room temperature to an
engineering strain of 5% and then sealed into an argon purged
quartz tube and annealed at 1275˚C for 120 h to partially
solutionize and coarsen the γ' precipitates. This was followed by a
heat treatment at 1140˚C for 6 h and then at 870˚C for 16 h,
before being quenched in water. These samples are referred to as
the ‘coarsened’ CMSX-4. All of the specimens were
metallurgically prepared using standard techniques and care was
taken to minimize the influence of residual stresses and plastic
deformation along the sample surface. Using extremely low loads,
the samples were finished with a final polish using 0.02 μm
colloidal silica. Electro-polishing techniques were not used, as
preferential etching of the γ and γ' phases will occur and result in
surface topology differences. Microstructural characterization was
conducted using a JSM-7001F SEM.

Ni-base single crystal superalloys are commonly used for gas
turbine blades of aero engine and power generation system, as
they possess an extraordinary combination of excellent high
temperature mechanical properties, a long term structural integrity
and microstructural stability, and robustness to surface
degradation in highly corrosive and oxidizing environment [1-3].
The underlying microstructure of this class of materials consists
of a continuous disordered FCC γ matrix, strengthened by ordered
L12 intermetallic γ' precipitates [4]. Success in the new alloy
development programs that utilize integrated computational
materials modeling approaches [5] and novel characterization
tools [6-8] relies heavily on our understanding of the fundamental
mechanisms governing the mechanical behavior and a detailed
characterization of the constitutive properties of individual phases.
Assessment of the mechanical response of the constituent phases
in their bulk crystal form may provide insight into the deformation
mechanisms of the two phase structure of Ni-base superalloys [9].
However, micro-compression tests of Ni micro-pillars [10] and
nano-compression tests of Au nano-pillars [11] clearly
demonstrated that the single crystal metallic micro- and nanostructures considerably outperform their macroscopic counterparts
in strength. Consequently, in order to have a more precise
measurement of the constitutive properties of the individual

A Hysitron SPM-3800 Atomic Force Microscope (AFM) with a
pyramidal-shape Berkovich diamond indenter was used to
perform the nanoindentation measurements of the individual
phases. The tip radius was measured to be 200 nm. Prior to
indentation tests of CMSX-4, the system compliance and area
function of the indenter were calibrated by measuring the
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characteristic load–depth curves of fused silica. The surface
profile of the CMSX-4 samples was scanned to verify that the
sample tilt was less than 0.3˚ and the height difference between γ
and γ' phases was less than 3 nm. With the scanned surface
topography, sites of interest were selected for the indentation
tests. Prior to each indentation test, a drift correction procedure
was conducted. For the ‘standard’ CMSX-4, the peak load
changed from 250 μN to 500 μN; while for the ‘coarsened’
CMSX-4, the peak loads varied from 250 μN to 1000 μN. The
loading and unloading rates were 25 μN for all cases. The dwell
time at the maximum load was 10 s. To minimize the effect of
strain gradients between different indents, the spacing between
discrete indents was always selected to be greater than 1 μm.

Experimental Results

Nano-compression of freestanding γ' particles
TEM foils of the ‘standard’ CMSX-4 specimen were prepared by
conventional twin-jet electro-polishing in a solution of 68%
methanol, 10% perchloric acid, 9% distilled water, and 13% Butyl
cellosolve by volume. The optimum polishing condition was
determined to be -35˚C with a voltage of 20 V. These foils were
investigated via transmission electron microscopy (TEM, Tecnai
TF20, double tilt holder, 200 kV) to confirm that the γ'
precipitates were largely dislocation-free.

Figure 1. A SEM micrograph revealing the microstructure of the
‘standard’ CMSX-4; cuboidal and tetragonal γ' particles
coherently dispersed in the γ matrix.
Figure 1 shows a SEM micrograph of the microstructure of the
‘standard’ CMSX-4 following the standard heat treatment.
Microstructural characterization of these specimens reveals that
cuboidal and tetragonal γ' particles were coherently dispersed in
the γ matrix with an average edge length of 450 nm.

Disks with a diameter of 5 mm and a thickness of 2 mm were cut
out from the ‘standard’ CMSX-4 specimen. These disks were
electrochemically etched in an aqueous electrolyte (H3PO4:
Methanol=1:2) with a voltage of 6 V, so that the γ matrix was
selectively etched away and the γ' precipitates could be extracted.
A centrifuge was used to separate the γ' precipitates from the
electrolyte. The γ' particles were stored in an ethanol solution. To
isolate individual particles for nano-compression tests, a droplet
of the ethanol solution containing γ' particles was placed on a
chemically cleaned Si wafer and then the ethanol was allowed to
evaporate. Although most particles were observed to form
clusters, some isolated, freestanding γ' particles could be easily
identified. Such γ' particles are largely dislocation-free and
possess plane normals that are oriented along the <100> directions
[3]. Individual γ' particles with parallel top and bottom surfaces
were carefully selected for the uniaxial nano-compression tests
along their longest axis. One set of electrolytically extracted γ'
particles was imaged with a single ion rastering scan in a Focused
Ion Beam (FIB), using 30 kV acceleration voltage, 30 pA current
and a magnification of 6000×. A direct comparison of the
measured properties associated with the electrolytically extracted
and ion-imaged γ' particles was made to understand the effect of
Ga+ ion implantation on the underlying deformation mechanisms.

To induce the formation of large γ' particles in CMSX-4, a cellular
recrystallization transformation was utilized. Room temperature
deformation followed by the high temperature annealing results in
the formation of a high angle grain boundary that sweeps through
two phase γ/γ' microstructure to minimize the dislocation density
and stored strain energy. Trailing immediately behind the mobile
high angle boundary is a cellular precipitation reaction in which γ
and γ' phases reform as lamellar structures to restore the
equilibrium volume fraction of the constituent phases. Due to the
enhanced kinetics associated with diffusion along the mobile
boundary, the sizes of the phases that form during this cellular
recrystallization reaction tend to be significantly larger than the
original morphologies.
Figure 2 shows a SEM micrograph of the microstructure of the
‘coarsened’ CMSX-4 after an electrochemically etching in the
aqueous electrolyte (H3PO4: Methanol=1:2) with a voltage of 6 V.
This top view of the interface between the recrystallized and the
un-recrystallized regions show that the γ' precipitates coarsened in
the recrystallized region; while the γ' precipitates in the unrecrystallized regions retained their coherency with the γ matrix
with relatively unchanged sizes. For γ' precipitates located within
the recrystallized region as well as the interdendritic regions of the
‘coarsened’ CMSX-4, irregularly shaped morphologies with sizes
varying from 500 nm to 30 μm were observed. Large spacings
between the γ' phases in the ‘coarsened’ CMSX-4 also led to the
formation of nano-sized dispersions of γ' particles within the
γ matrix. Since the solubility of γ' forming elements in the γ phase
decreases as a function of temperature, precipitation of nano-sized
γ' particles at the ageing temperature alleviates the degrees of
super-saturation in the γ phase.

In-situ nano-compression tests of these freestanding γ' particles
were performed in the SEMentor, an in-situ nanomechanical
instrument comprised of the Dynamic Contact Module (DCM)
that is similar to a Nanoindenter (Agilent Corp.) but inside of a
field-emission SEM (FEI Quanta 200). The nominal strain rate
was 1×10-3 s-1. Ex-situ nano-compression tests with a constant
displacement rate of 2 nm/s was also conducted with a Hysitron
Triboscope Nanoindenter, equipped with an 8 μm-diameter flatpunch diamond indenter serving as the compression anvil. The
deformed morphology and surface topography of electrolyticallyextracted and ion-imaged γ' particles were observed using the
SEM and the tapping-mode of AFM, respectively.
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Figure 4. The load-depth curves of indents made in a coarsened γ'
precipitate of the ‘coarsened’ CMSX-4 with a load of 250 μN.
The inserted AFM image shows the corresponding indents.

Figure 2. A SEM micrograph depicting the microstructure of the
‘coarsened’ CMSX-4; γ' precipitates located within the cellularly
recrystallized regions preferentially coarsened, while γ'
precipitates within the un-recrystallized region had a subtle
change in sizes and remained coherent with the γ matrix.

Representative load-depth curves of the indents made in a
coarsened γ' particle of the ‘coarsened’ CMSX-4 with a load of
250 μN are plotted in Figure 4, with the inserted AFM image
showing the corresponding indents. The ‘pop-in’ behavior was
observed in all of these tests. Indentation measurements were also
made in regions of the sample corresponding to the single phase
γ matrix. Interestingly, the onset load associated with the ‘pop-in’
of coarsened γ' particles, 105 μN, was noted to be higher than that
of γ matrix, 75 μN. Although this is consistent with γ' phase’s
comparatively higher resistance to plastic deformation, the ‘popin’ load for the coarsened γ matrix is nominally same to that
determined for the γ' particles in the ‘standard’ CMSX-4 samples.

Nanoindentation of constituent phases of CMSX-4
Prior to the nanoindentation measurement of the constituent
phases of the ‘standard’ CMSX-4 following the standard heat
treatment, the surface topography was scanned by the diamond
tip. With the scanned image, the center of a γ' particle was
selected for the indentation tests. To ensure the reproducibility of
the reported results, at least 30 discrete γ' particles were measured.
Representative load-depth curves of the indents made on the γ'
particles of the ‘standard’ CMSX-4 are plotted in Figure 3, with
the inserted AFM image showing one representative indent. With
an onset load of ~70 μN, the ‘pop-in’ behavior, the sudden
displacement burst following the initial elastic Hertzian contact,
was observed in all of the tests. This ‘pop-in’ in the load depth
curves can be attributed to the nucleation of dislocations in the
plastically deformed region directly underneath the indenter [14].

Representative load-depth curves of indents made in a coarsened
γ' particle of the ‘coarsened’ CMSX-4 with a size of 8 μm, tested
at loads of 250 μN, 500 μN and 1000 μN are shown in Figure 5,
with the inserted AFM image showing the corresponding indents.
To ensure the reproducibility, a minimum of five indents were
made on the same coarsened precipitate for each load. Moreover,
the indentation measurements, performed on five distinct
coarsened precipitates within the sample, were nominally similar.

Figure 5. The load-depth curves of indents made in an 8 μm sized
coarsened γ' precipitate, tested at a load of 250 μN, 500 μN and
1000 μN. The corresponding indents are shown in the inserted
AFM image.

Figure 3. The load-depth curves of indents made in the γ'
precipitates of the ‘standard’ CMSX-4. The inserted AFM image
shows the indent in a γ' precipitate, tested at 500 μN load.
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As seen in Figure 5, the ‘pop-in’ behavior was observed in all of
the tests and did not vary as a function of the indentation load.
Both the load associated with the onset and the relative
displacement of the ‘pop-in’ events was found to be nominally
similar for all of the tests. Superposition of discrete load-depth
curves for different places not only indicates a good
reproducibility of test, but also suggests that the measured nanohardness trend is not significantly affected by the presence of
minor composition gradients in the coarsened γ' precipitates or the
influence of the surrounding γ matrix. The convergence of the
loading segments for the various load-depth curves suggests that
the nucleation and multiplication process of dislocations in the
plastically deforming region under the indenter is roughly similar,
even though the onset load of the ‘pop-in’ varies slightly.
The measured hardness and Young’s modulus of the coarsened γ'
precipitates were characterized as a function of indentation loads
and the average results are summarized in Figure 6. As seen in
Figure 6, the measured Young’s modulus does not vary as a
function of the indentation load. On the other hand, the measured
hardness of the coarsened γ' precipitates of the ‘coarsened’
CMSX-4 appears to increase slightly with increasing load. Due to
the physically large size of the coarsened γ' precipitates, compared
with the indent sizes, the influence of the surrounding softer γ
matrix can be minimized. Since the coarsened γ' precipitates have
an intrinsically low dislocation density [15], their influence on the
observed experimental results is unlikely. Hence, the observed
increase in hardness as a function of load may be attributed to the
increase in the density of geometrically necessary dislocations
[16] that form within the plastic volume underneath the indenter.

Figure 7: (a) A bright-field TEM image of the ‘standard’ CMSX-4
and this confirms that γ' particles are largely dislocation-free. (b)
A SEM image of a freestanding γ' particle, rested on a Si wafer.
identifiable in the γ' precipitates of CMSX-4 superalloy following
a standard heat treatment is in agreement with published literature
on Ni-base superalloys [8, 17]. Figure 7(b) exhibits a SEM image
of a freestanding γ' particle, resting on a Si wafer and possessing
plane normals that are oriented along the <100> directions.

Figure 6. Variation of the measured nano-hardness and Young’s
modulus as a function of the indentation load.

Figure 8 exhibits the flat-end diamond indenter and a side view of
a dislocation-free, freestanding γ' particle with parallel top and
bottom surfaces. The inserted image shows the corresponding γ'
particle after deformation that has a pancake shape. For
compression testing at such a small scale, alignment is a very
critical issue, as misalignment will result in a stress concentration
that leads to an imprecise measurement. In-situ nano-compression
instrument enables us to test carefully selected γ' particles along
their longest axis, ensuring a good alignment. The high sensitivity
of load and displacement was fully exploited to assess their
mechanical response in a quantitative manner. With the SEM
micrograph of their top view, the original area of the top surface
of the γ' particles was measured to calculate the engineering stress.

Nano-compression of freestanding γ' particles
In addition to indirectly assessing the micro-mechanical properties
of γ' precipitates in the ‘standard’ CMSX-4 by measuring the
nanoindentation response of coarsened γ' precipitates in the
‘coarsened’ CMSX-4, their constitutive properties could also be
directly evaluated via the nano-compression tests of freestanding
γ' particles along the 〈100〉 direction.
A bright field TEM image of the ‘standard’ CMSX-4 is depicted
in Figure 7(a) and shows the presence of several bending
contours. The observation that no dislocation lines were
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Figure 8. A SEM image of the indenter, the side view of a
dislocation-free γ' particle, with the inserted image showing the
dislocation-free γ' particle after deformation.
Figure 9(a) shows the engineering stress-displacement of
electrolytically extracted γ' particles. The curves exhibiting a
controlled unload and marked with an arrow were obtained during
the in-situ tests inside the SEM, while the rest of the curves were
generated during the ex-situ tests using the Hysitron Triboscope
Nanoindenter. Deformation of these dislocation-free γ' particles
reveals an initial elastic response, followed by the occurrence of a
catastrophic instability, in which the nanoindenter was unable to
maintain the prescribed displacement rate. In all of the tests, no
work hardening was observed and the maximum strength of the
sample corresponds to the yield strength or stress at which the
plastic instability first occurs. Similar behavior has been observed
during the in-situ nano-compression tests of such freestanding γ'
particles inside the SEM [18], which is less quantitative due to the
insufficient precision in measuring the stress and strain; as well as
in-situ nano-compression tests of freestanding γ' particles inside
the TEM [19].
To ensure the reproducibility of the reported results, a minimum
of 20 tests were conducted to get the average results. Despite the
significant scatter in the yield stress (4.6±2.7 GPa), it is
interesting to note that the maximum measured axial stress along
the [001]-axis is in excess of 10 GPa, which corresponds to a
resolved shear stress of 4.2 GPa, when a {111}〈110〉 slip system is
assumed. This value represents ~37% of the theoretical resolved
shear strength (11.2 GPa).

Figure 9: (a) Stress-displacement curves of the dislocation-free γ'
particles and curves displaying a controlled unloading are from insitu SEM tests; (b) Stress-displacement curves of the ion-imaged
γ' particles.
the ion-imaged particles show an intermittent stress-displacement
response after yielding. These observations are in agreement with
those published results on the dislocation-free, pre-strained and
FIB-milled BCC Mo-alloy with sub-micron sizes [20, 21].

Figure 9(b) shows the engineering stress-displacement of the ionimaged γ' particles, where the y-axis scale is identical to the
curves plotted in Figure 9(a) for comparison. It is clearly evident
that ion-imaged samples exhibit lower yield stresses, defined as
the first resolvable displacement burst longer than ~0.6 nm. 11
tests were conducted and the measured yield stresses varied from
1.0 GPa to 5.5 GPa. Similar to the electrolytically extracted γ'
particles, the initial loading slope also has a significant variation.

Discussion
Nanoindentation of constituent phases of CMSX-4
For the AFM-based nanoindentation system, the surface of the
well-polished specimen was scanned by a diamond tip. Using the
scanned surface topography, sites of interest can be selected and
then indented with the same tip [22]. This technique has already
been used to quantify the micro-mechanical properties of
individual phases of Ni-base single crystal superalloys [23-25].
However, to ensure the measured results by such techniques are

Moreover, a clear distinction in the flow response between the asextracted and ion-imaged γ' particles was observed in Figure 9(a)
and 9(b). The as-extracted γ' precipitates are dislocation-free and
exhibit a single catastrophic event with a structural collapse; while
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truly representative of their constitutive properties, the indentation
process is revisited here. During indentation, various sources will
contribute to the scatter in the testing results and these sources can
be classified either as being extrinsic or intrinsic. Extrinsic
sources may come from the surface condition of prepared
specimens and the calibration of nanoindentation equipments.
Intrinsic sources, on the other hand, may originate from the twophase microstructure of this class of materials. The cuboidal
intermetallic γ' precipitates in the ‘standard’ CMSX-4 specimen
typically possess cube lengths of ~450 nm with inter-particle
spacings of approximately 70 nm. In addition, for a well-polished
specimen, without a cross-sectional view, it is difficult to know
the embedded depth of the phases that are being subjected to
indentation. Statistically speaking, typical dimensions of an
indented γ' particle will be 450 nm by 450 nm by 225 nm. Thus,
these particles can be approximated as thin films, where the
maximum depth that can be imposed during indentation is
approximately one-tenth of the thickness (22.5 nm).
These
conditions will confine the plastic deformation zone underneath
the indentation entirely within the constituent phase and minimize
its interaction with the interface between γ and γ' phases.
However, the influence of the internal stress, induced by the
lattice misfit between coherent γ and γ' phases, and the effect of γ
matrix on the system compliance is still difficult to quantify. Such
variables may lead to an imprecise measurement of the micromechanical properties of the individual γ and γ' phases in the
‘standard’ CMSX-4 containing sub-micron sized γ' particles.

Table I. Indentation results of the precipitates and matrix of
‘standard’ CMSX-4 and ‘coarsened’ CMSX-4 tested at 500 μΝ.

cuboidal γ'
small γ'
Coarsened γ'
Coarsened γ matrix

H
Standard
/GPa Deviation
8.5
0.7
9.1
0.4
9.5
0.6
8.6
0.4

E
/GPa
210.3
204.7
218.5
207.0

Standard
Deviation
11.2
13.7
7.8
6.9

As shown in Figure 6, the measured hardness of the coarsened γ'
precipitates of the ‘coarsened’ CMSX-4 appears to increase
slightly with the increasing load. This result is opposite to the
decreasing trend between measured hardness and depth reported
in [23, 25]. The current results suggest that such a significant
decrease in hardness with the increase in depth is very likely due
to the influence of the softer surrounding γ matrix. As the load
increases, the plastic deformation volume underneath the indenter
may encompass the γ matrix, resulting in a lower hardness value.
Nano-compression of freestanding γ' particles
Figure 10(a) and 10(b) show the representative morphology and
surface topography of the electrolytically extracted γ' particles
after the deformation, observed by the SEM and AFM,
respectively. As shown by the inserted image in Figure 8 and
Figure 10(a), the as-extracted, dislocations free γ' particle
structurally collapsed into a flat pancake shape. This corresponds
to a significant change in dimensions and is consistent with the
large strain burst depicted in Figure 9(a). These finding are similar
to the earlier work investigating the compressive response of
pristine Mo-alloy BCC sub-micron sized crystals and a recent
work on pristine Au nanoparticles [20, 26].

The measured hardness and Young’s modulus of the individual
phases in the ‘standard’ and ‘coarsened’ CMSX-4 are summarized
in Table I. For the ‘coarsened’ CMSX-4, the hardness of the
coarsened γ' particles is higher than that of the γ matrix. Fitting the
data of the segments before the occurrence of the ‘pop-in’
behavior with the Hertz equation reveals a consistent trend in
hardness values. For the ‘coarsened’ CMSX-4, the hardness of the
small γ' particles is in between the measured value of the
coarsened γ' particles and the coarsened γ matrix, this suggests
that there is an influence of the surrounding softer γ matrix on the
measured properties of the small γ' precipitates. During the heat
treatment to form a coarsened γ' structure, the width of the
γ channel also increases. Ultimately, this results in a supersaturation of solute in these widened γ channels. Upon cooling to
room temperature, nano-sized precipitates formed in the
γ channels. Due to the presence of nano-sized γ' precipitates, the
indentation response of the γ matrix of ‘coarsened’ CMSX-4 may
not truly reflect the constitutive properties of the γ matrix of the
‘standard’ CMSX-4 specimen. These nano-sized γ' particles,
potent precipitation strengtheners that are absent in the γ matrix of
the ‘standard’ CMSX-4, increases the hardness of the γ matrix in
the ‘coarsened’ CMSX-4 sample. As the chemistry and
dislocation substructure of the γ' particles in the ‘standard’
CMSX-4 and the ‘coarsened’ CMSX-4 are nearly identical, their
indentation response should be the same. However, the measured
nano-hardness of the γ' particles in the ‘standard’ CMSX-4 is 8.5
GPa, which is lower than that of the coarsened γ' particles in the
‘coarsened’ CMSX-4, 9.5 GPa. This is consistent with the above
observation that the soft γ matrix will affect the measurement of
the individual properties of γ' particles. The effect is stronger, as
the effect is stronger, as the γ matrix in the ‘standard’ CMSX-4 is
softer than the coarsened γ matrix of the ‘coarsened’ CMSX-4.

Upon reaching a high critical stress that is close to the theoretical
stress, temporally correlated and explosive dislocation nucleation
occurs throughout the entire nanocrystal. As no effective barriers
are present to impede their motions, the nucleated dislocations run
out of the nanocrystals with a high velocity. As a result, the
sample undergoes a significant change in dimensions and a
multitude of slip lines is present on the deformed surface of the
dislocation-free γ' particles, shown in Figure 10(a) and 10(b). This
is consistent with the study showing that mobile dislocations
traveling on slip planes inside the nanocrystals have a much
higher probability of annihilating at the free surface rather than
reacting with one another at the intersecting slip planes to form a
lock [27]. The presence of slip lines with various slip orientations
suggests that numerous slip systems were activated concurrently,
clearly corroborating that the rather homogeneous deformation of
the dislocation-free γ' particles is mediated by collective motion of
dislocations. This deformation behavior is different from the
brittle fracture of Cu whiskers during the tensile tests [28-30].
Figure 10(c) shows a SEM image of an ion-imaged γ' particle after
the deformation. The deformed morphology is consistent with the
intermittent stress-displacement behavior, depicted in Figure 9(b).
The presence of a few resolvable slip lines, indicated by the
arrows, suggests that the ion-imaged particles respond to the
applied stress by the initiation of local deformation at stress
concentration and defects, induced by the Ga+ ion implantation.
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The large distribution of activation stresses in the ion-imaged γ'
particles may be due to the statistical distribution of surface
defects. In contrast to the numerous slip lines on the top surfaces
of electrolytically extracted γ' particles, the top surfaces of ionimaged γ' particles exhibit a negligible density of slip lines and
remain flat. This characteristic behavior is similar to the
deformation response of Au FCC microparticles [31] prepared
without Ga+ ion implantation. The observation that large strain
burst is not present in the stress-displacement curve of ion-imaged
γ' particles implies that mechanical annealing [27] did not occur.
With the activation of plastic deformation at a stress that is
significantly lower than the theoretical stress, mass nucleation and
propagation of dislocations are very unlikely to occur in ionimaged γ' particles.
As shown by Figure 9(a), a yield strength in excess of 10 GPa was
measured via in-situ nano-compression of electrolytically
extracted γ' particles, which is more than 5 GPa higher than the
measured yield stress of ion-imaged γ' particles. This result is
consistent with studies pertaining to the influence of Ga+ ion
implantation on the nano-mechanical response of nano- and
micro-pillars [21,32-34]. For ion-imaged samples, Ga+ ions may
become implanted in the material or induce the formation of
vacancies that condense to form dislocation loops. All of these
defects contribute to lowering the strength of the dislocation-free
γ' particles as they serve as potential sites for dislocation
nucleation and multiplication at stresses significantly lower than
those required for the homogeneous dislocation nucleation [35].
This reduced threshold stress of dislocation-free particles due to
the ion beam milling can be approximated by Gb/2πrc, with b
being the Burgers vector and rc being the critical radius for the
nucleation of a stable dislocation loop. With a Burgers vector of
0.309 nm [36] and a typical pre-existing dislocation loop that is
approximated with a circular diameter of 2 nm, the threshold
stress required to expand the dislocation loop is 1.7 GPa, which is
a factor of 4 lower than that required for the homogeneous
dislocation nucleation. Newly formed dislocations tend to interact
with these pre-existing defects and form locks, resulting in the
strain hardening [37, 38]. This explains the observation that the
cuboidal shape of the ion-imaged γ' particles is retained following
deformation as the material responds to the steadily increasing
stress by the intersection and multiplication of dislocations. The
above analysis is consistent with other reported studies [20] and
illustrates that the presence of pre-existing dislocations or surface
defects may significantly decrease the observed yield strength.
Joint analysis of nanoindentation and nano-compression results
The measured hardness value of the γ' particles in the ‘standard’
CMSX-4 by nanoindentation is ~8.5 GPa. This result is consistent
with other published nanoindentation results of CMSX-4 [24] and
corresponds to a flow stress of 2.8 GPa when considering the
standard relationship where H=3*σ [39]. However, this flow
stress is significantly lower than the maximum yield stress of
electrolytically extracted, dislocation-free γ' particles, 10 GPa,
measured via nano-compression testing. The difference in the
magnitude of the flow stresses measured via nanoindentation and
nano-compression tests is consistent with our explanation that the
nanoindentation measurement results of the γ' particles tends to be
affected by the surrounding softer γ matrix.

Figure 10: (a) A SEM image of the compressively deformed
morphology of the electrolytically extracted γ' particle that
appears to structurally collapse into a pancake shape. (b) An AFM
tapping mode image of the deformed morphology of the
electrolytically extracted γ' particle and numerous slip lines and
terraces are visible. (c) A SEM image of the deformed
morphology of ion-imaged γ' particle; only a few slip lines are
resolved and their cubic shape is retained.
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The measured hardness of the coarsened γ' particles of the
‘coarsened’ CMSX-4 (H=9.5 GPa and σ= 3.2 GPa) is also lower
than the equivalent hardness estimated from the nanocompression tests (H=~30 GPa). For the coarsened γ' particles,
although the plastic deformation of the surrounding γ matrix is
minimized, the influence of the soft γ matrix on the system
compliance may result in a lower measured hardness value.
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