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ABSTRACT
Experimental differentiation of individual strengthening effects from the nanoscale precipitates in
Alloy 718 remains challenging due to co-precipitation of γ ′ and γ ′′. Here, we examine a region
adjacent to the δ-phase consisting of γ -matrix containing γ ′-precipitates only. The width and com-
positional profile of this γ ′′-free zone is uncovered via high-resolution characterization. Nanome-
chanical analyses reveal that the lack of γ ′′-precipitates lower the hardness of the γ ′′-free zone by
10–20%,while the δ-phase is found to be ∼ 80%harder than the γ -matrix. These findingsmay guide
mechanical modelling and microstructural engineering of stronger superalloys critical to aerospace
industry.

IMPACT STATEMENT
First experimental evidence of hardness reduction in γ ′′-free zone close to the δ-phase boundary,
highlighting the strengthening effect of γ ′′-precipitates. Previously unknownmechanical properties
of the δ-phase are reported.
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1. Introduction

Ni-based superalloys containing γ ′′ (Ni3Nb, D022) and
γ ′ (Ni3(Al,Ti), L12) precipitates such as Alloy 718 are
known for their excellent mechanical properties up to
650°C [1]. The impact of these nanoscale phases on
strengthening has been a recurring subject of investi-
gation [2–5]. Particle-dislocation relationship theories
on order and coherency strengthening are generally
accepted to describe precipitation effects in Ni-based
superalloys [6,7]. In Alloy 718, coherency strengthen-
ing dominates over order strengthening due to the rel-
atively high γ /γ ′′ lattice misfit [3]. This is affected by
the size, volume fraction, and configuration of the pre-
cipitates [8,9]. Experimental measurements to determine
specific γ ′ and γ ′′ contributions to strength remain
challenging and scarcely explored. Elevated tempera-
tures above 700°C cause coarsening of γ ′′-precipitates
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and transformation into the stable, platelet-shaped δ-
phase (Ni3Nb, D0a) [10], or direct precipitation of δ-
phase on grain boundaries [9]. Low volume fractions
of δ-phase are beneficial to grain size control and
fatigue properties, while high fractions may deterio-
rate the high-temperature strength [11]. In the prox-
imity of the δ-phase, γ ′′-free zones are commonly
observed and underpin the competition for Nb between
these two phases [10,12,13]. However, despite numer-
ous micromechanical studies on Alloy 718 [14–16],
the local composition and impact on the mechani-
cal properties of the δ-phase and γ ′′-free zone remain
unclear. The absence of γ ′′-precipitates has the poten-
tial to deterioratemechanical strength, heightening stress
localization at grain boundaries with δ-phase precipi-
tates. As consequence, accelerated intergranular crack
growth [17,18] and potential early fracture of critical
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aerospace componentsmake the investigation of the local
mechanical response and chemical compositions of the
γ ′′-free zone crucial.

The present study explores the previously unknown
local composition,microstructure, andmechanical prop-
erties of the δ-phase and adjacent γ ′′-free zone in Alloy
718. Transmission electron microscopy (TEM) and atom
probe microscopy (APM) reveal that the γ ′′-free zone
contains γ ′-precipitates only. This is the result of a
(Al+Ti)/Nb concentration gradient from the δ-phase
into the γ -matrix. The local mechanical response of the
γ -matrix, the γ ′′-free zone, and δ-phase is studied with
nanoindentation within a scanning electron microscope
(SEM) and atomic forcemicroscopy (AFM). The findings
indicate the magnitude of mechanical property varia-
tion over the microstructure and allow a more accurate
description of the mechanical behaviour of Alloy 718
on the local scale. Modelling efforts to design aerospace
parts with better high temperature propertiesmay benefit
from the current findings.

2. Materials andmethods

Samples from forged and directly aged Alloy 718 turbine
disk were provided by voestalpine BÖHLER Aerospace
GmbH & Co KG, Austria. TEM specimens were ground
to 50μm thickness and electrolytically polished using a
STRUERS A2 electrolyte. TEM bright-field micrographs
were recorded with a JEOL 2100 at 200 kV acceleration
voltage. FIJI ImageJ was used to determine the width of
the γ ′′-free zone from six δ-phase platelets [19].

APM samples were prepared via standard tech-
niques [20]. A Cameca LEAP 3000 atom probe was used
in voltage acquisition mode. Parameters were as follows:
50K temperature, 20% pulse fraction, 200 kHz pulse fre-
quency, and 1.0% evaporation rate. Data analysis was
done using the Cameca AP Suite 6.1, and the recon-
struction was calibrated using atom probe crystallogra-
phy protocols [21]. Concentration profiles were extracted
with a step size of 25 nm.

For the nanoindentation experiments, samples were
polished to 1μm diamond solution followed by col-
loidal silica suspension. Identification markers around
selected δ-phase regions were created with focused ion
beam milling in a FEI Nova Nanolab 200. To avoid arti-
fact generation, the sample surface was not exposed to
the ion beam for imaging. A commercial in situ nanoin-
dentation system (Alemnis ASA, Alemnis AG, Switzer-
land) with a conductive-diamond cube corner indenter
tip (Synton-MDP, Switzerland) was installed into a FEI
Nova NanoSEM 230. Nanoindentation testing was per-
formed under load control with target maximum load
of 225μN, corresponding to an indentation depth of

60–100 nm. Indents were performed in a 9× 8 grid, with
∼600 nm spacing between indents. In situmeasurements
with the cube corner probe allowed for direct observation
of the tip apex and local microstructure during testing, so
that site-specific measurements could be made over the
region of interest.

For AFM nanoindentation testing, a diamond NM-
RC-C (Bruker) probe was installed on a Bruker Dimen-
sion ICON to generate a 14× 14 grid of indents 300 nm
apart. Testingwas performedwith 80V ramp size and 2V
ramp setpoint, corresponding to a load of 34μN. A TiN
coated Si wafer was used to calibrate the deflection sen-
sitivity, while the spring constant of the AFM cantilever
was determined Sader method [22]. After indentation
measurements were completed, a SCANASYST-AIR tip
(Bruker) was used to scan the surface via peak-force tap-
ping mode. The NanoScope Analysis 1.7 software was
used to process the AFM images and determine the resid-
ual contact area of the indents. Hardness was estimated
from themaximum load determined experimentally, and
the contact area of the residual indents measured by
AFM [23,24].

3. Results and discussion

3.1. Microstructure and chemistry of δ-phase and
γ ′′-free zone

Figure 1(a) provides a TEM micrograph representing
the γ -matrix close to the δ-phase. No precipitates are
identified in the δ-phase proximity as highlighted in
blue. Densely arranged, nanoscale γ ′/γ ′′ co-precipitates
are found in the γ -matrix as highlighted in red and
Figure 1(b). γ ′ and γ ′′ precipitates can be identified in
bright-field micrographs due to their surrounding strain
fields [25]. The co-precipitate morphology of duplets and
triplets in Alloy 718 is commonly observed [8,26]. Thus,
the γ ′′-free zone of the δ-phase must contain either no
precipitates or precipitates with insufficient lattice mis-
match to appear in the bright field micrograph. This
appears similar to observations in ALLVAC® 718Plus or
Alloy 718 variants, where this has been referred to as
precipitate-free or depletion zones [27–29]. In the present
work, themagnitude of such a zone has beenmeasured as
highlighted in Figure 1(a, c), with a width of 72± 7 nm.
This is smaller than reported in previous studies [27–29],
but an exact comparison is difficult as the exact dimen-
sions may depend on the alloy composition, thermo-
mechanical history, and/or location of the δ-phase on
grain boundaries. In the present study, δ-phase parti-
cles are commonly encountered along grain boundaries,
so that the accelerated diffusivity of solutes may affect
the observed γ ′′-free zone [30]. An overview analysis of
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Figure 1. (a) The γ -matrix near the δ-phase appears precipitate-
free. Blue dimensions represent the extend and red highlights a
region within the γ -matrix. (b) Within the γ -matrix, γ ′/γ ′′ co-
precipitates are densely arranged. (c) Blue represents the extend
measured of the γ ′′-free zone around the γ -matrix.

themicrostructure of similarlymanufacturedmaterials is
provided in [31].

The APM reconstruction in Figure 2(a) confirms
that the designated γ ′′-free zone is indeed free of the

γ ′′-phase and contains only nanoscale γ ′-precipitates.
The tip orientation, however, is likely at a low angle to
the δ-phase, since the γ ′′-free zone extends to ∼250 nm
from the phase boundary, larger than the γ ′′-free zone
measured perpendicularly with TEM. Local Al and Ti
segregation in the γ -matrix is observed, whereas Nb and
Ti segregate into the δ-phase [32,33]. Up to 9 at.% ofNb is
also commonly observed in γ ′-precipitates [8]. No obvi-
ous inhomogeneities are found in the Ni map. The Nb
concentration in γ ′′-precipitates may be as high as 20
at.% [8], however, the Nb iso-concentration surfaces do
not show γ ′′-precipitates close to the δ-phase, indicat-
ing that the existing precipitates in the volume are solely
γ ′-precipitates. Nb-rich regions indicating the presence
of γ ′′-precipitates, partially captured in the APM vol-
ume, are mostly found towards the thick end of this
dataset (red arrows) away from the δ-phase. The vol-
ume fraction of 18.4% of γ ′-precipitates (turquoise) is in
line with previous reports [9]. The diameter of these pre-
cipitates ranges from 0.8 to 16.3 nm, although a limited
number of γ ′-precipitates were fully captured within the
APM dataset. The (Al+Ti)/Nb ratio is plotted for γ ′-
precipitates and γ -matrix (green) in Figure 2(b). Inside
γ ′-precipitates, this ratio drops moderately with increas-
ing distance from the δ-phase. This trend is more pro-
nounced in the γ -matrix, which exhibits a sharp drop.
In Alloy 718, the (Al+Ti)/Nb ratio strongly influences
the precipitation of γ ′ and γ ′′. Cozar & Pineau [34]
demonstrated that increasing this ratio in the bulk con-
centration favours a ‘compact morphology’, dominated
by γ ′-precipitates. Detor et al. [35] used this approach
to stabilize γ ′-precipitates against coarsening in Alloy
718 variants. The (Al+Ti)/Nb ratio also influences co-
precipitate formation on a local scale [26]. Increas-
ing the (Al+Ti)/Nb ratio promotes γ ′ precipitation,
whereas decreasing the (Al+Ti)/Nb ratio is in favour of
γ ′′ [26,35]. Thus, as the (Al+Ti)/Nb ratio increases in
proximity of the δ-phase, γ ′′ precipitation is suppressed
and γ ′ precipitation favoured. Changes in the local chem-
istry likely originate from the δ-phase capturing Nb. This
observation correlates well with the TEM micrographs
shown in Figure 1. Reportedly, γ ′-precipitates exhibit a
lower lattice mismatch to the γ -matrix, and thus, will be
less visible in TEM bright field micrographs [36].

3.2. Nanoscalemechanical probing of δ-phase and
γ ′′-free zone

In situ nanoindentationwithin the SEMwas used to place
cube corner indentations over a local region of inter-
est containing δ-phase particles. The backscatter elec-
tron micrograph in Figure 3(a) shows that most indents
were placed on the γ -matrix, while a smaller number
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Figure 2. (a) Ni, Al, Ti and Nb atommaps in side-view reveal pronounced segregation of Al and Ti into γ ′-precipitates. Segregation of Nb
in the δ-phase is obvious, but less clear for smaller precipitates. The iso-concentration surfaces reveal the presence of γ ′-precipitates and
the absence of γ ′′-precipitates close to the δ-phase. (b) Plots of the (Al+ Ti)/Nb ratiowithin γ ′ (turquoise) and the γ -matrix (green), with
standard deviation. In γ ′-precipitates, the ratio falls gently with the distance from the δ-phase. This trend is clearer within the γ -matrix,
and also exhibits a sharp drop away from the δ-phase.

hit δ-phase particles and their surrounding areas. The
region within the red dashed box was studied in greater
depth. As exemplified in the highlighted impressions in
the 3D AFM image in Figure 3(b), the residual contact
area was determined individually for each indent. Val-
ues of ∼5× 104 nm2 on the γ -matrix (green box) and
∼2.6× 104 nm2 on the δ-phase (white box) are high-
lighted in the figure. Indents on the δ-phase particles
are consistently shallower and of lower contact area than
those of the γ -matrix. The representative load vs dis-
placement curves in Figure 3(c) show steeper loading and
consequent lower displacement until maximum load is
reached at a depth of 70 nm on the δ-phase, in compar-
ison to 95 nm on the γ -matrix. The unloading profile

can be correlated to the elastic recovery of the indent,
where the shaded areas below the unloading curves show
that the elastic energy of the δ-phase for a ∼225 μN
indent is twice as large as the γ -matrix, with values of
1.8 and 0.9 pJ, respectively. For all indents, pile-up forma-
tion is expected as the ratio between residual indentation
depth (measured via AFM) and maximum indentation
depth (obtained from load vs displacement curves) is
>0.7 [37]. This is confirmed via AFM topology imaging
(Figure 3(b)).

The hardness map in Figure 3(d) shows that the hard-
ness of the γ -matrix varies from 4 to 6.1GPa, with an
average value of 5.0± 0.4GPa (�), which is in align-
ment with what has been reported in literature [16,38].
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Figure 3. (a) Nanoindentation grid around multiple δ-phase particles (b) 3D AFM image of red dashed region shown in (a). Selected
impressions on the γ -matrix and δ-phase enclosed by green and white dashed boxes, respectively, show the residual contact area high-
lighted in turquoise. (c) Representative load vs displacement plot of nanoindentations on the δ-phase and on the γ -matrix in (b), where
shaded areas highlight the elastic energy. (d) Hardness map of indents within red dashed box in (a). The δ-phase particles are indicated
by black lines. The markers indicate round δ-phase (•), platelet δ-phase (�), γ -matrix (�), γ ′′-free zone (�), and the squared markers
with an X show indents not used in the calculation of the γ -matrix hardness.

As the δ-phase is commonly found at grain boundaries,
the observed scatter in hardness may be caused by inden-
tation of multiple grains in the γ -matrix with different
crystallographic orientations [39]. However, the prox-
imity of the δ-phase seems to be a more critical factor,
as a 4.5± 0.4GPa hardness is observed in a likely γ ′′-
free zone (�). Other indents close to δ-phase particles
exhibit hardness of 5.9± 0.7GPa (squared markers with
an X). These indents might have been affected either by
the surrounding hard δ-phase particles, striking them
underneath the surface, minimizing the softening effect
of the γ ′′-free zone, or by dislocation pile-up at phase
boundaries. Consistent with the observation of greater
elastic energy at the same load, Figure 3(d) shows that
δ-phase is also up to 76% harder than the γ -matrix with
maximum value of 8.8GPa estimated for the round par-
ticle (•). For the platelet shaped particles, hardness is
7.1± 0.3GPa (�). This variation in hardness between
platelet and round particles is likely an effect of the δ-
phase orientation, where the harder, round particle seems
to be a cross section of a rod. Therefore, larger volume

of δ-phase underneath the indent makes it more repre-
sentative of the actual material response. However, pre-
cise quantification from these indents is unrealistic due
to uncertainties from overlapping plastic zones, mate-
rial pile up, and difficulties in determining exact contact
areas [40–42].

The indents in Figure 3 are much larger than the γ ′′-
free zone (Figure 1), and additionally made at the lower-
end of the system load-limit (0.5N load cell). Therefore,
further experimentation by AFM nanoindentation was
carried out as shown in Figure 4, as improved spatial reso-
lution can be achieved through the controlled application
of lower loads (∼34 μN). The grid of indents around two
δ-phase particles is displayed in Figure 4(a). The 3DAFM
image of the red dashed box is shown in Figure 4(b). Sim-
ilar to Figure 3, a platelet and a round δ-phase are found,
and as demonstrated in Figure 4(c), the highest esti-
mated hardness is also seen on the round particle. Com-
pared to Figure 3(d), hardness values are higher in gen-
eral, reaching up 10.9± 2.4GPa for the round δ-phase
(•), 8.1± 0.5GPa for the platelet (�) and 6.0± 0.3GPa
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Figure 4. (a) AFM tomography image of a nanoindentation grid produced using AFM around δ-phase particles. (b) 3D AFM image of red
dashed region shown in (a). Selected impressions on the γ -matrix and δ-phase enclosed by white dashed boxes show residual contact
area highlighted in turquoise. (c) Hardness map of indents within red dashed box in (a). The δ-phase particles are outlined by black lines.
The markers indicate round δ-phase (•), platelet δ-phase (�), γ -matrix (�), γ ′′-free zone (�), and the squared markers with an X show
indents not used in the calculation of the γ -matrix hardness.

for the γ -matrix (�). This might be a consequence of
the indentation size effect, where hardness is a function
of the depth of the impression, and shallower indents
lead to higher measured hardness for the same mate-
rials [43,44]. Topography effects additionally observed
for the δ-phase, which is ca. 10 nm sunken into the
surface, are likely chemo-mechanical artefacts induced
during polishing. The stepped surface height difference
at the γ -matrix/δ-phase interface may lead to inaccura-
cies for proper interpretation of hardness on interphase
regions, where indents that fall directly on this interface
as identified by squaredmarkers with an X in Figure 4(c).
Hardness values in these areas are higher than in γ -
matrix regions far from the δ-phase, as residual indents
are slanted and distorted, and measured contact areas
smaller. However, one indent highlighted in the green
box in Figure 4(b) is located between round and platelet
δ-phaseswhich is likely aγ ′′-free zone (�); for this indent

a 20% lower hardness of 4.8 GPa compared to the remain-
ing γ -matrix was found. A Welch’s unequal variances
t-test at α = 0.05 rejected the null hypothesis regarding
this datapoint as part of the remaining γ -matrix data-set,
therefore, it can be categorized as statistically significantly
different from the γ -matrix. It should also be noted that
the shallower indents (on average 18± 2 nm) carried out
with AFM generate a much smaller plastic zone size and
an ideal spacing of 15–20x the indentation depth corre-
sponds to ∼270 to 360 nm apart, which correlates well
to the used spacing of 300 nm.

Nanomechanical testing as used in this study is highly
complex considering all variables regarding indenter
geometry, errors in contact area due to pile-up forma-
tion, and interactions between the material and indenter
at such low loads [40–42]. Thus, mixed quantitative and
qualitative interpretation of similar findings is generally
considered. However, nanoindentation techniques as the
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Table 1. Nanoindentation hardness analysis from both nanoin-
denter and AFMmeasurements.

Feature Marker

Hardness
nanoindenter
(GPa)/(N)

%
Change

Hardness
AFM

(GPa)/(N)
%

Change

γ -Matrix � 5.0± 0.4 (13) – 6.0± 0.3 (32) –
δ-Phase
platelet

� 7.1± 0.3 (3) 42 8.1± 0.5 (10) 35

δ-Phase
round

• 8.8 (1) 76 10.9± 2.4 (2) 82

γ ′ ′-Free
zone

� 4.5± 0.4 (4) −10 4.8 (1) −20

Provided are% change values in reference to theγ -matrix, and indent number
(N).

ones employed here, and posterior analysis of the residual
contact area have been shown to provide good estima-
tions of hardness [45,46]. In particular, nanoindentation
using AFM allows for reasonable results at very high
spatial resolution [47]. The general findings presented
here related to the lower hardness values on the γ ′′-
free zone, corroborate that γ ′-precipitates provide lower
contribution to hardness due to their ordering strength-
ening. Here we show that the lack of γ ′′-precipitates
cause a decrease in local hardness of 10–20% compared
to the γ -matrix. As the volume fraction and diameter
of γ ′-precipitates in Figure 2 is similar to regions of
γ -matrix away from the γ ′′-free zone [9] and due to
their limited strengthening effect [5], the absence of the
γ ′′-precipitates plays a much larger role in the hard-
ness decrease than the morphological aspects of the γ ′-
precipitates. However, the γ ′′-precipitates account for
37–51% of the strength of Alloy 718 [5], therefore, the
hardness in the γ ′′-free zone is higher than expected.
When indenting within the γ ′′-free zone, the plastic
zone radiating from the indent is not necessarily fully
confined within this region. Interaction of the plastic
zone with either the harder δ-phase interface (submerged
or otherwise), or γ ′′-precipitates at the zone bound-
ary, would generate an increased hardness compared
to the γ ′′-free material. Additionally, the samples were
directly aged after forging, consequently, limited disloca-
tion annihilation occurred. The presence of a dislocation
rich network on areas adjacent to the δ-phase [48] might
also induce a work hardening response during indenta-
tion, generating hardness higher than expected. Table 1
summarizes mechanical properties obtained via nanoin-
dentation. These findings on the previously unknown
harder behaviour of the δ-phase, and softer adjacent γ ′′-
free zone, further advance mechanical studies on these
important secondary phases in Ni-based superalloys.

4. Conclusion

This study uncovers the microstructural, chemical,
and nanomechanical features of the δ-phase and its

surrounding γ ′′-free zone in Alloy 718 via correla-
tive characterization techniques. Increased (Al+Ti)/Nb
ratio maintains γ ′ precipitation and supresses γ ′′ pre-
cipitation in a 72± 7 nm zone around the δ-phase.
The mechanical response of the γ ′′-free zones and
the δ-phase particles are investigated via nanoindenta-
tion experiments, enabling the individual impact of γ ′
and γ ′′ on hardness to be experimentally determined.
The absence of γ ′′-precipitates is observed to reduce
the γ -matrix hardness by up to 20%, while the round
cross-section δ-phase is ∼80% harder than γ -matrix.
These finding improve our understanding about the local
mechanical behaviour in Alloy 718 enabling better com-
putational modelling and further alloy engineering of
stronger superalloys.
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