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Despite excellent oxidative properties of the Alloy 718 Ni-based superalloy, long-term exposure to oxidative 
environments in service creates a chemical gradient in the sub-surface affected by oxidation. Its characterization 
is key to assessing the evolving mechanical behavior of such affected materials. The present study focuses on 
the 𝛾 ’-𝛾'' precipitation depletion induced by the chemical gradient and benchmarks micro-mechanical testing 
techniques to assess local mechanical properties. Local techniques such as nanoindentation and micro-pillar 
compression were used to measure both elastic and plastic properties of a pre-oxidized Alloy 718 Ni-based 
superalloy, having a chemical gradient. These results were compared to a global approach by tensile testing and 
high resolution-digital image correlation (HR-DIC) on model materials corresponding to regions of the chemical 
gradient: the solid-solution and the precipitation-hardened Alloy 718. The plastic behavior was investigated in 
terms of macroscopic yield strength and slip activity. Results obtained by the local and global techniques were 
found to be different but complementary. The relevance of the association of multiple micro-mechanical tests and 
sample preparation techniques to probe chemical gradients is discussed and technique advantages and drawbacks 
are exposed based on the single crystalline or polycrystalline nature of the micro-mechanical testing.

1. Introduction

Graded microstructures are of great interest whether they are pur

posely designed for specific applications or result from unwanted pro

cesses such as exposure to extreme environments. The improvement 
of mechanical performances of structural materials may benefit from 
the growing capability to manufacture controlled heterogeneous mi

crostructures. Few examples of designed heterogeneous microstructures 
can be found in the literature under the denomination of functionally 
graded materials. These materials are designed -- mostly thanks to addi

tive manufacturing techniques -- to have a gradient of properties that 
fit the best their in-service use [1--4]. The nature of these gradients 
can be either chemical, microstructural (phases, grain size, lamellar 
thickness, etc.) or both [5]. Among them, dual-alloy components are 
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emerging solutions to benefit from optimized properties at specific lo

cations [6--8]. At the same time, the mechanical properties of existing 
materials working in harsh environments are often dictated by the sub

surface mechanical gradient induced by the environment. For example, 
changes in mechanical properties due to local oxidation are critical as 
they can lead to severe embrittlement and therefore can impede the 
lifetime of components [9--11]. Similar challenges can be faced with 
coatings [12], hydrogen absorption [13] or surface plastic deforma

tion [14,15]. Being able to characterize the transitional regions of the 
gradient and how the different mechanical behaviors interact with each 
other is central to the design of these materials and their characteriza

tion over their lifetime. However, these transitional regions extend over 
tens of micrometers, making the development of micromechanical char

acterization a key concern.
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In the present study, a combined experimental framework was ap

plied to address the effect of the micrometer-scale precipitation deple

tion due to high temperature oxidation on the mechanical response of 
the Alloy 718 Ni-based superalloy. This alloy is widely used for in

dustrial applications at intermediate temperature (below 650 °C) in ox

idative environments such as aeronautical and terrestrial turbines or 
primary circuit of nuclear power plants. Its microstructure can vary 
depending on the application but it is mostly used in its precipitation

hardened metallurgical state. In this case, the Alloy 718 is hardened 
by 𝛾 ′′ − (𝑁𝑖3𝑁𝑏) and 𝛾 ′ − (𝑁𝑖3(𝑇 𝑖,𝐴𝑙)) precipitates. When exposed to 
temperature higher than 650 °C, 𝛿−(𝑁𝑖3𝑁𝑏) phase can precipitate from 
the 𝛾 ′′ − (𝑁𝑖3𝑁𝑏) phase, thus decreasing the fraction of 𝛾 ′′ − (𝑁𝑖3𝑁𝑏)
and its associated strengthening. According to thermodynamic calcula

tions [16] supported by experimental observations [17], when exposed 
to high temperatures, the Alloy 718 develops internal 𝐴𝑙2𝑂3 oxides at 
grain boundaries and a protective external 𝐶𝑟203 layer. Depending on 
the oxidation kinetics, titanium- and niobium-rich oxides can also form. 
Oxidation is a selective phenomenon leading to the diffusion of alloying 
elements such as 𝐴𝑙, 𝐶𝑟, 𝑁𝑏 or 𝑇 𝑖 towards the surface and/or the grain 
boundaries. This diffusion process can be accompanied by the forma

tion of a precipitation-depleted zone in the sub-surface affected by oxi

dation [9]. Since the mechanical properties of precipitation-hardened 
materials are closely related to their precipitation state [18,19], un

derstanding the mechanical behavior of the oxidation-affected region 
is of great interest to better predict the mechanical integrity of struc

tural components exposed to oxidative atmospheres.

As it has been widely discussed in the literature, at room tempera

ture, Alloy 718 deforms by the formation, multiplication and intensifi

cation of slip bands [20--24]. In the case of a 𝛾 ′′ precipitation-hardened 
Alloy 718, slip bands are mainly located at the interior of grains and 
the most intense events are parallel and close to annealed twin bound

aries [20,21,23,25,26,24]. This strain localization, also denoted parallel 
slip configuration, was reported as a preferred initiation site of fracture 
during a fatigue test at room temperature [20,26].

The understanding of the mechanical behavior of a graded sam

ple involves a local characterization of the transitional regions at the 
scale of the gradient. These characterizations can be obtained from 
surface observations using optical or electron microscopy (identifica

tion of carbides, pores, size of particles, size of grains, crystallization, 
etc.) [27] or in the volume (porosity, phases, carbides, etc.) [28], chem

ical (phases density and size, segregation, light elements (C,H,O,N, etc.) 
diffusion, etc.) [29,30] or mechanical (strong elastic differences, het

erogeneities, weak features, dislocation sealing, etc.) [31--33]. Emerging 
capabilities for the high-throughput micro-mechanical testing has made 
possible to locally probe mechanical properties of materials [34--36]. 
Conventional nanoindentation and high speed nanoindentation map

ping (HSNM) at the microstructure scale are promising techniques to 
reveal local variations of mechanical properties with relatively low ef

fort in specimen preparation [37--41,31,42]. However, the inverse iden

tification of mechanical properties (directional Young’s modulus, yield 
strength, strain hardening, etc.) is complex due to the multi-axial load

ing conditions under the indentation tip and the mechanically probed 
volume increasing with the indentation depth. To greatly simplify the 
loading conditions, micro-pillar compression tests offer the advantages 
of a much more uniaxial loading for property identification and in

termediate skills for FIB machining. However, size effects could sig

nificantly affect the mechanical response due to surface effects, i.e., 
free surface versus machining-affected surface, the probed volume and 
the occurrence of dislocation sources, etc. [43,44]. Micro-tensile test

ing, which requires much more FIB preparation, can also inform on 
the role of tensile-compression anisotropy response when compared to 
micro-pillar compression testing [45]. All these techniques, generally 
performed for ``monocrystalline'' cases, present the advantage of assess

ing force vs. displacement curves at the microscale to quantitatively 
dissociate the mechanical behavior of materials at the microstructure 
scale.

High resolution-digital image correlation (HR-DIC) techniques [46--

55] or topographic measurements [21,56--58] are very efficient means 
to quantify strain localization in polycrystalline materials at different 
scales. While these techniques are used for fine and local assessment of 
deformation at the microscale, they do not provide local stress fields, 
essential for a full identification of the mechanical response. However, 
they enable the investigation of neighborhood effects due to surround

ing grains on the deformation response of a given grain embedded in 
a crystalline aggregate. One challenge with HR-DIC is the need for a 
nanoscale speckle pattern to capture strain localization. All these mi

cromechanical techniques present advantages and drawbacks to capture 
the strain localization and mechanical behavior of materials at the scale 
of the microstructure. They are all pertinent and complementary for 
the investigation of the elementary deformation mechanisms. However, 
the application of all these techniques to document strain localization 
in terms of intensity and spatial distribution has not yet been investi

gated.

In the present work, the effect of the metallurgical state, i.e., the 
solid-solution form or the precipitation-hardened form, of the Alloy 718 
has been investigated in terms of local mechanical response, strain het

erogeneity and strain localization at the sub-grain level using differ

ent micromechanical methods. The change in metallurgical state due 
to high temperature oxidation was addressed using a combination of 
nanoindentation and micro-pillar compression tests to identify mechan

ical properties over the oxidation-affected region and differences in slip 
activity. The slip activity characteristics were compared with HR-DIC 
measurements performed on bulk samples to characterize the role of a 
polycrystalline aggregate on the strain localization capability of the Al

loy 718. It was studied in both its solid-solution form (first microns in 
the oxidation-affected region) and its precipitation-hardened form (bulk 
specimen).

2. Material and methods

2.1. Material

The material considered in the present study is a polycrystalline 
Ni-based superalloy, the Alloy 718. Its nominal composition is the fol

lowing: Bal. Ni, 18.57 % Cr, 18 % Fe, 5.02 % Nb, 2.86 % Mo, 0.11 % 
Co, 0.58 % Al, 0.97 % Ti, <0.01 % Ta (weight percent). Three differ

ent metallurgical states were investigated to document the effect of the 
precipitation state on the overall mechanical response and strain lo

calization capability of the materials. These properties were evaluated 
using either nanoindentation, micro-pillar compression or tensile testing 
paired with HR-DIC. Both nanoindentation mapping and micro-pillar 
compression tests were performed on a precipitation-hardened sample 
with a chemical gradient near the surface due to high temperature oxi

dation conditions (samples #1 and #2). For the HR-DIC measurements, 
bulk samples were used in a precipitation-hardened form (sample #3) 
and solid-solution form (sample #4) to represent the bulk material and 
oxidation-affected region, respectively. All the samples were extracted 
from a 635 μm-thick rolled sheet of the same nominal composition for 
further reproducibility of the experiments.

2.2. Sample preparation for the different micromechanical tests

2.2.1. Preparation of the oxidation-affected samples

Two samples with a chemical gradient due to high temperature oxi

dation were prepared, one for nanoindentation (sample #1) and another 
with coarser grains for micro-pillar compression (sample #2). Coupons 
extracted from a 635 μm-thick rolled Alloy 718 sheet were first pol

ished up to P4000 SiC grit paper. The specimens were heat-treated under 
air at 1180 °C (above the 𝛾 ′, 𝛾 ′′ and 𝛿 solvus temperature) for 5 and 
25 hours, for nanoindentation (sample #1) and micro-pillar compression 
(sample #2), respectively. This step aims at both introducing a chemical 
gradient using the oxidation properties of Alloy 718 and increasing the 
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Fig. 1. (a) Microstructure of the oxidation-affected region of the Alloy 718 sample #1 (backscattered electron imaging modality on the specimen cross-section). Blue 
and green arrows points at the chromia (𝐶𝑟2𝑂3) external oxide scale and alumina (𝐴𝑙2𝑂3) internal oxides, respectively. (b) EDS profile analysis along the orange 
line plotted in the SEM micrograph.

grain size. Both samples #1 and #2 were then subjected to a two-step 
heat-treatment under vacuum to introduce the gradient of precipitation 
in the oxidation-affected material: a first dwell at 720 °C for 8 h, fol

lowed by a cooling at 50°C.h−1, and a second dwell at 620 °C for 8 h, 
followed by a slow furnace cooling. 
As aforementioned, the oxidation-affected region is characterized by a 
chemical gradient due to the selective nature of the high-temperature 
oxidation. Cross-sectional specimens were cut with a precision cutting 
machine and then mounted in cold epoxy with low shrinkage properties 
to protect the adhesion of the external oxide scale. The samples were 
then polished using conventional metallographic methods to 1/4 μm 
with diamond suspensions and then finished with 0.05 μm colloidal 
silica suspension. The microstructures of the oxidized samples were ob

served in backscattered electron mode using a SEM Nova NanoSEM 450 
(Thermo Fisher Scientific, NLD) equipped with an Apollo X SDD de

tector (EDAX, USA) and analyzed with TEAMS𝑇𝑀 (EDAX, USA). The 
microstructure of the oxidation-affected region of sample #1 is depicted 
in Fig. 1(a). The oxidation-affected region consists of (1) an external 
chromium-rich oxide layer (chromia: 𝐶𝑟2𝑂3, dark gray pointed by the 
blue arrow in Fig. 1(a)), (2) a complex niobium/titanium-rich oxide 
layer beneath the 𝐶𝑟2𝑂3 layer (intermediate gray in Fig. 1(a)) and (3) in

ternal oxidation of alumina (𝐴𝑙2𝑂3) at grain boundaries (black pointed 
by the green arrow in Fig. 1(a)). As further detailed, the Alloy 718 is 
deprived of precipitation beneath the external oxide scale and a precip

itation gradient is formed towards the specimen core. EDS profiles were 
performed in the oxidation-affected region to quantify chromium de

pletion (Fig. 1(b)). The chromium content is minimal beneath the outer 
oxide layer and increases slightly toward the core of the sample. These 
observations are in good agreement with the ones reported in the liter

ature [16,17].

The oxidation-affected region of sample #1 extends over tens of mi

crometers in depth, as shown in Fig. 1(a) and about 3 times deeper in 
sample #2 due to a longer exposure to air at 1180 °C. In order to bet

ter probe the mechanical properties of the resulting chemical gradient, 
samples #1 and #2 were purposely prepared using precise wedge-cut 
techniques to spread the gradient of chemical composition over several 
hundreds of microns, as in Ref. [59]. To do so, the wedge-cut samples 
were prepared by mechanical polishing using a precision jig and a spacer 
for high-tolerance specimen machining [60]. This process is illustrated 
in Fig. 2 top right corner. A spacer of known thickness is placed under 
the sample at one end and glued to a rectified glass slide using ther

mal wax. Then, the inclined sample is mechanically polished on SiC 
papers (up to P4000 grit papers) using a custom precision jig device 
which allows a high precision and good flatness of the sample [60,9]. 
The sample was then manually polished down to 1 μm with diamond 
suspensions, followed by vibropolishing with 0.05 μm colloidal silica 

suspension for 2 hours. A SEM micrograph in backscattered electron 
mode of the resulting wedge-cut sample is shown in Fig. 2. Taking the 
internal oxidation depth as a reference and comparing with the cross

section SEM image (Fig. 1), the gradient of microstructure has been 
spread over hundreds of microns (350 μm for the wedge-cut sample 
compared to 20 μm for the cross-section sample #1). An EDS mapping 
was carried out on the wedge-cut sample to validate the spread of the 
chemical gradient (Fig. 2). Indeed, it can be seen on the EDS overlay 
that the niobium-rich oxide layer which is about 2 μm thick (see Fig. 1) 
spreads over tens of micrometers. This also allows to identify an addi

tional thin titanium-rich layer (𝑇 𝑖𝑂2) under the niobium-rich layer. This 
specific sample preparation is essential for further nanoindentation and 
micro-pillar compression tests.

2.2.2. Preparation of the solid-solution and precipitation-hardened tensile 
specimens for HR-DIC

Flat dogbone-shape specimens were extracted from the Alloy 718 
sheet. Two metallurgical states were considered: (1) the precipitation

hardened state corresponding to the bulk material (sample #3) and 
(2) the solid-solution state corresponding to the material in the oxidation

affected region beneath the external oxide scale (sample #4). Both sam

ples #3 and #4 were heat-treated at 1050 °C for 30 min and air-quenched 
to obtain the solid-solution state (sample #3). For the precipitation

hardened state (samples #4), the two-stage heat treatment was addi

tionally applied (720 °C-8 h then 620 °C-8 h). The flat dogbone-shape 
specimens were then manually polished on all faces to remove the re

gion affected by machining and the heat treatments. The flat surfaces 
of the specimens were polished to 1 μm with diamond suspensions fol

lowed by vibropolishing with 0.05 μm colloidal silica suspensions for 
2 hours.

2.2.3. Other characterization means

Additional metallurgical characterizations were conducted using 
transmission electron microscopy (TEM) on a JEOL 2010 HC microscope 
to document the precipitation state within the oxidation-affected mate

rial. STEM-EDX analyses were performed on a CM20 FEG-TEM (JEOL, 
JPN) equipped with a EDX SDD detector (Bruker, USA) and on the Es

prit 1.9 software. 
Several EBSD devices were used depending on the samples. EBSD map

ping measurements performed on sample #1 (for nanoindentation pur

poses) were carried out on a MEB FEG JEOL JSM-7100F TTLS LV (JEOL, 
JPN) equipped with EBSD CMOS Symmetry S2 detector with a step size 
of 0.5 μm (Oxford Instruments, GBR). For sample #2, local EBSD mea

surements were performed before micro-pillar FIB-milling on a Helios 
NanoLab 600i FIB-SEM (Thermo Fisher Scientific, NLD) equipped with 
an EBSD CMOS detector with a step size of 0.2 μm (Oxford Instruments, 
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Fig. 2. Representation of the wedge-cut sample #1. (a) SEM micrograph of the wedge-cut sample surface in backscattered electron mode. EDS element maps are 
overlaid on the magnified region showing the different locations of the oxide layers. (b) Schematic illustration of the wedge polishing technique. (c) Schematic 
distances comparison of the wedge-cut sample with the cross-section, where the color code is the same as for EDS mapping.

GBR). Finally, EBSD measurements were obtained on samples #3 and #4
before deformation using an EDAX OIM-Hikari XM4 EBSD detector with 
a step size of 0.7 μm. Diffraction patterns were acquired using an accel

erating voltage of 20 kV, a 2×2 binning and a beam current of 0.2 nA.

2.3. Mechanical testing

2.3.1. High speed nanoindentation mapping (HSNM) and conventional 
nanoindentation (CN)

Both micromechanical tests -- high speed nanoindentation mapping 
(HSNM) and conventional nanoindentation (CN) -- were performed us

ing a NMT-04 system (Femtotools, CHE). HSNM characterizations were 
performed ex-situ on sample #1 on the surface obtained by the wedge

cut preparation technique. Tests were displacement driven at a loading 
rate of 3.10−2 𝜇𝑚.𝑠−1 using a diamond Berkovich tip and a 20 mN load 
cell. The continuous stiffness measurement (CSM) method was used, al

lowing to evaluate the reduced modulus and the hardness values as a 
function of depth. Both the reduced modulus and hardness values sta

bilized beyond a critical penetration depth, ensuring that the measure

ments are representative of local properties in the volume. For HSNM, 
a 125 nm penetration depth was used and indents are spaced 1.5 μm 
apart. In total, 7,250 indents were performed to cover the region of in

terest. The hardness and reduced modulus values were calculated as the 
average of the respective properties during the loading phase from 70 
to 120 nm contact depth. 
Conventional nanoindentation was also performed on the same system 
with the same Berkovich tip and load cell. Tests were also displacement 
driven but the CSM method was not employed. A lower loading rate of 
1.10−3 𝜇𝑚.𝑠−1 was used to detect stress drop on the indentation curves 
when they occur. The chemical gradient in sample #1 was characterized 
by multiple lines of 150 nm-deep indents using a 20 μm spacing. A total 
of 915 indents were analyzed across the chemical gradient. The stress 
drops contained in the local stress-displacement curves were identified 
and their amplitude was measured thanks to a Python routine based on 
the Scipy library.

2.3.2. Micro-pillar compression testing

The micro-pillar compression tests were performed in-situ in the He

lios Nanolab 600i SEM-FIB (Thermo Fisher Scientific, NLD) using a 
NMT-04 system (Femtotools, CHE). The micro-pillars were first FIB

milled in the same microscope on sample #2 using an annular milling 
strategy. Micro-pillars have a square cross-section of 3 × 3 μm and a 
height of about 10 μm, respecting a 1/3 ratio between the side length 

and height of the pillars. For each grain studied, a line of three pillars 
was milled at iso-chemical composition for repeatability. For the com

pression tests, a 10 μm-diameter flat punch and a 200 mN load-sensor 
were used. During the tests, SEM images were continuously recorded in 
order to correlate the slip activity arising at the pillar surface to events 
in the stress-strain curves (stress drop, strain deviation, etc.). For the 
compression tests, the experimental data were post-treated following 
a two-step process. A first step aimed to extract ``Stress-Strain'' curves 
from the raw Force/Displacement curves. To do so, the force is divided 
by the cross-section of the pillar and the displacement is divided by the 
height of the pillar. The second step of the post-treatment process is 
the detection and extraction of stress drops in the plastic regime. Each 
event was detected using the same Python routine used for conventional 
nanoindentation.

2.3.3. High resolution-digital image correlation (HR-DIC)

First, samples #3 and #4 were machined by electrical discharge ma

chining (EDM) in a dogbone tensile specimen shape with a gage section 
of 3 mm × 1 mm. The specimens were then mechanically polished with 
SiC papers up to 1200 grit, followed by diamond suspension to 3 μm and 
a chemo-mechanical polishing with 50 nm colloidal silica for 12 hours. 
To produce the speckles, layers of 10 nm of titanium and 3 nm of sil
ver were deposited on the sample surface using an AJA ATC 2200-V 
Sputter Coater (AJA international, USA). The upper silver layer was re

configured into particles by immersing the samples in a 1 % salt water 
solution at room temperature for 2 hours. Further details of the proce

dure can be found in Ref. [61,62]. 
High-resolution imaging was then performed on a Versa3D field emis

sion gun system SEM/FIB (Thermo Fisher Scientific, NLD) for high 
resolution-digital image correlation (HR-DIC). The imaged area consists 
of a grid of 8 by 8 secondary electron images collected with 15 % overlap 
between adjacent images and resulting in a 1.2 mm by 1.2 mm area. The 
4096×4096 pixel images were acquired with a field of view of 138 μm, 
an accelerating voltage of 10 kV, a current of 0.9 nA, a dwell time of 
20 μs per pixel, and a working distance of 5 mm. SEM parameters were 
selected according to the guidelines from Ref. [48,49,63]. The images 
were taken before deformation, and mechanical testing was then in

terrupted at increasing levels of macroscopic plastic strain to take new 
images of the deformed region. Based on the strain calculated by HR

DIC, the precipitation-hardened Alloy 718 specimen (sample #4) was 
interrupted at 0.17 %, 0.32 %, 0.61 %, and 1.26 % of macroscopic plas

tic strain and the solid-solution Alloy 718 specimen (sample #3) was 
interrupted at 0.24 %, 0.48 %, 0.88 %, and 1.81 % of macroscopic plas
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tic strain. 
The in-plane slip amplitude was estimated using the Heaviside-DIC (H

DIC) technique [23]. More details can be found in Ref. [64]. All HR

DIC calculations were performed using a proprietary software (XCorrel, 
FRA) and were computed with respect to the undeformed state. A sub

set size of 31×31 pixels and a step size of 3 pixels were used for the 
calculations. Data from the HR-DIC experiments are available through 
DRYAD [65,66].

3. Results

3.1. Characterization of the oxidation-affected region

As mentioned before in the ``material and methods'' section, the mi

crostructure of the oxidation-affected region was characterized using 
SEM imaging and EDS analyses (Fig. 1). To better correlate the chemi

cal state to the mechanical properties, the oxidation-affected region was 
characterized both chemically and mechanically. The SEM-EDS analyses 
shown in Fig. 2(b) were supplemented by STEM-EDX analyses. A FIB

prepared TEM sample was extracted from the sample #1 at the location 
indicated in Fig. 3, i.e., at the end of the internal oxidation of 𝐴𝑙2𝑂3 at 
grain boundaries. On the TEM darkfield micrograph shown in Fig. 3(a), 
the sample surface is located in the upper part of the micrograph. Near 
the end of the internal oxidation of 𝐴𝑙2𝑂3, the material is depleted of 
precipitates. However, 𝛿 and 𝛾 ′′ precipitates are found at approximately 
2 to 3 μm below the lamella surface and their amount increases with the 
depth. Fig. 3(b) shows a TEM brightfield micrograph of the transitional 
area marked by the orange rectangle in Fig. 3(a). STEM-EDX analyses ev

idenced niobium-rich phases confirming the cohabitation of both 𝛿 and 
𝛾 ′′ precipitates. The small disk-shaped particles and the coarser needle

shaped particles were attributed to the 𝛾 ′′ (𝑁𝑖3𝑁𝑏) and 𝛿 (𝑁𝑖3𝑁𝑏) 
precipitation, respectively. Small oxide particles (tens of nanometers) 
are also present in this oxidation-affected region. The bright particle in 
Fig. 3(b) is a titanium-rich oxide. According to these results, it is possible 
to delineate three areas within the gradient of chemical composition:

∙ A precipitation-free zone (PFZ) which can be assimilated to a solid

solution Alloy 718. On the wedge-cut surface, the PFZ corresponds 
to the area where internal oxides are formed at the grain bound

aries.

∙ A transitional region where both 𝛾 ′′ and 𝛿 precipitates can be found 
in small amount, especially for the 𝛿-phase precipitation which is 
sparsely distributed in this area. This region can be identified at the 
surface of the wedge-cut sample, where only a few grain boundaries 
are oxidized.

∙ A 𝛾 ′′ precipitation-dense area which can be assimilated to a 
precipitation-strengthened Alloy 718. This area is located below 
the transitional area, where no oxide was observed at grain bound

aries.

The chemical description of the gradient was supplemented by a me

chanical characterization presented in Fig. 4. This characterization was 
performed using the HSNM technique to assess both the reduced modu

lus Er and hardness H properties at the sub-grain level. The area tested 
is centered on the transitional area. As it can be seen on the SEM micro

graph in Fig. 4(a), internal oxide can be found at grain boundaries in 
the upper part, indicating the precipitation-free region. In the lower part 
of the SEM micrograph, no oxidation is observed at grain boundaries, 
corresponding to the precipitation-dense region. In between, only a few 
grain boundaries are oxidized which is typical of the transitional re

gion. The regularly spaced indents of the HSNM map are also visible on 
the micrographs. Magnified views from the SEM micrograph of both the 
precipitation-free (orange box) and the precipitation-dense (blue box) 
regions are shown in Fig. 4(a). The size of the indents are equal in both 
regions due to displacement control, indicating that the elastic volume 
probed along the chemical gradient remains consistent. 

The reduced modulus map did not evidenced significant elastic evo

lution between the precipitation-free and the precipitation-dense area 
(Fig. 4(c)). The reduced modulus is dependent on the grain orientation 
with the < 001 > direction being the softest direction in the Alloy 718, 
in agreement with Ref. [42]. Based on the small region of interest, the 
contribution of the grain orientation and the precipitation on the re

duced modulus map cannot be dissociated. A larger testing region using 
high-throughput nanoindentation and inverse identification method is 
needed to determine whether the 𝛾 ′′ precipitation has an influence on 
the elastic anisotropy of Alloy 718 or not. 
The precipitation was found to have a significant effect on the hardness 
response (Fig. 4). The precipitation-dense region exhibits much higher 
hardness values than the precipitation-free region. Values in bold font on 
the colorbar legend are the average values of the two magnified views 
from the SEM micrograph. Within the precipitation-dense region, the 
average hardness is 6214 MPa, while the average hardness within the 
precipitation-free region is 5276 MPa. In the transitional region, the 
hardness is between the average values found at both ends, showing 
the gradual hardness increase from the oxidation-affected region to the 
specimen core.

3.2. Probing plastic response through nanoindentation

Conventional nanoindentation tests carried out across the gradient 
of sample #1 demonstrated stress-drop like behavior. Nanoindentation 
pop-ins, i.e., a long stress plateau, are commonly observed on the stress

displacement curves as a plastic response from the material when tests 
are force driven. The first pop-in is associated with the initiation of plas

ticity. For the following events, the origin of this plastic activity is very 
sensitive to the microstructure, whether it is due to slip bands formation, 
particle shearing, interactions of dislocations with grain boundaries, 
etc. [67]. The present tests are displacement driven, meaning that in

stead of displacement bursts (pop-ins), stress drops are observed as a 
plastic response. An example of a stress-drop is shown on the stress

displacement curve in Fig. 5(a). The green curve corresponds to the 
raw stress-displacement extracted from the nanoindentation test which 
presents a stress-drop on the magnified view. Several of them are ob

served for each indentation curve but their number and amplitude vary. 
In order to identify trends in the plastic activity of both the precipitation

free and precipitation-dense regions of the gradient, a statistical analysis 
was carried out. For each of the 915 indents, the stress-drops were iden

tified on the loading indentation curve (Fig. 5(a)) and their amplitude 
was measured as shown on the magnification of Fig. 5(a). Although 
possible, the unloading part of the indentation curves was not used to 
measure the hardness or the reduced modulus as we focused here on the 
onset of plasticity. Then, the sum of stress-drop amplitude for each in

dent was compared with other indents. The stress-drop amplitude sums 
are plotted in Fig. 5(b), with each point corresponding to an indenta

tion test. Indents are divided in 3 categories with a specific color-code 
according to their position in the microstructure:

• Indents closer than 1.5 μm from a grain boundary or an oxide par

ticle. This 1.5 μm limit corresponds to the theoretical radius of the 
elastic volume probed by a 0.15 μm-deep indent.

• Indents located between 1.5 μm and 5 μm away from a grain bound

ary or an oxide particle.

• Indents located at least 5 μm away from a grain boundary or an 
oxide particle.

This segmentation aims at isolating the effect of precipitation from 
the role of grain boundaries and oxide particles. However, results ex

posed in Fig. 5(b) show that this segmentation has no impact on the 
average amount of stress-drop amplitude regardless of the metallurgi

cal state (precipitation-hardened or solid-solution). This suggests that 
the nanoindentation set-up and the parameters used do not highlight 
any influence of the grain and twin boundaries on the local stress
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Fig. 3. STEM-EDX analysis. (a) TEM dark field micrograph of the TEM sample showing the gradient of precipitates. (b) Schematic illustration of the position of the 
TEM sample in the chemical in the zone affected by oxidation (ZAO). (c) TEM bright field micrograph of the orange rectangle insert and corresponding STEM-EDX 
analysis showing niobium-rich precipitation related to the 𝛾 ′′ and 𝛿 phases.

Fig. 4. Mechanical characterization of the chemical gradient by nanoindentation mapping: high speed nanoindentation mapping (HSNM). (a) SEM micrograph of 
the indented area with (b) the corresponding EBSD. Magnifications show the constant size of the indents obtained by the displacement driven mode. (c) Reduced 
modulus (Er) map. (d) Hardness (H) map. Bold values on the hardness colorbar correspond to the mean hardness values within the magnified areas.
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Fig. 5. Stress-drop analysis on indentation curves. a) Indentation curve of a single stress-drop-like test (pointed by the green arrow on the b) plot) with the identified 
stress drops. b) Sum of the stress-drop for each tests as a function of their depth in the gradient (distance to the original surface, before wedge-cut polishing). Points 
are classified depending on their distance d with a grain boundary or an oxide particle. Horizontal lines correspond to average values in the 0-6 μm and 10-14 μm 
depth ranges.

strain curves. The same plot also shows different trends depending on 
the position of the indents in the chemical gradient (recalled in the 
top of the Fig. 5(b)). In average, the amount of stress drop amplitude 
is larger in the precipitation-free region than in the 𝛾 ′′ precipitation

dense area. This observation can be made on the 3 categories mentioned 
above. One can also note that the points scattering is much larger in 
the precipitation-free area. In the transitional region of the graded mi

crostructure, points are heavily scattered and some of them have a 
higher amount of stress-drop amplitude than both precipitation-free and 
precipitation-dense area.

In order to investigate the origin of the stress-drops, the sample sur

face was examined after the indentation. SEM micrograph of selected 
indents along the chemical gradient are depicted in Fig. 6. Slip bands 
can be observed near the indent marks and the furthest slip bands from 
the indent are pointed by the arrows. On one hand, the slip band inten

sity captured at the surface of the sample does not seem to be related to 
the amount of stress-drop. Indeed, indents #1, #4, #7, and #13 exhibit 
higher intensity slip bands as compared to indents #3, and #9; but are 
not necessarily the ones which have the higher amount of stress-drop 
amplitude. In addition, surface analysis of indent #3 -- which has an 
amount of stress-drop amplitude much higher than the others -- does not 
show a singular behavior compared to the other indents. On the other 
hand, it seems that in the 𝛾 ′′ precipitation-dense region, slip bands are 
closer from the indent than the ones in the precipitation-free region. The 
observations made on the indents presented on Fig. 6 were also made at 
a larger scale, on tens of indents spread over the gradient and different 
crystallographic orientations. However, even with the large number of 
indents studied, the observations made could be influenced by the grain 
and tip orientations and the corresponding Schmid factors associated 
with the triaxial nanoindentation test.

3.3. Micro-pillar compression tests

A total of 27 micro-pillar compression tests were performed over the 
gradient on sample #2 (it is worth reminding that the oxidation-affected 
region is deeper for sample #2 compared to sample #1 due to longer 
exposure at high temperature). Compression tests performed within the 
same grain are very repeatable, as shown later in Fig. 9. A selection 
of compression curves representative of each cluster of micro-pillars is 
shown in Fig. 7. Each stress-strain compression curve has a specific color 
code in accordance with the schematic of the wedge-cut sample:

•• A precipitation-free region.

••• A transitional region. At the top of this region (•) it is less likely 
to encounter 𝛾 ′′ precipitates but 𝛿 can be encountered. However, 
the distance between 𝛿 precipitates can be larger than the pillar 
size. The amount of 𝛿 within a pillar is very variable from pillar to 
pillar. At lower (•), there is a higher density of 𝛾 ′′ precipitates. At 
the bottom (•), even less 𝛿 phases can be found but the density of 
𝛾 ′′ precipitates increases.

• A precipitation-dense region corresponding to the homogeneous 
bulk material, i.e., the material not affected by the oxidation.

The stress-strain compression curves in Fig. 7 reveal that both the 
yield strength and the hardness increase with the depth of the micro

pillar position in the gradient. In other words, the denser the 𝛾 ′′ pre

cipitation, the higher the yield strength. Other differences between the 
compression curves can be observed as well, such as the amount of 
stress-drops, their amplitude and the strain-hardening rate. These fea

tures will be discussed later in this article.

The grain orientation information obtained from EBSD characteriza

tion was used to identify the active slip plane corresponding to the slip 
traces at the pillar surfaces. In all the cases studied, the active slip plane 
is the slip plane with the highest Schmid factor. Thus, the active slip sys

tem was considered as the slip system with the highest Schmid factor 
for the corresponding slip traces. The highest Schmid factor was then 
used to evaluate the critical resolved shear strength using the following 
equation:

𝜏𝐶𝑅𝑆𝑆 = 𝜎𝑐.𝑚

where 𝜎𝑐 is the stress at which the first slip band is triggered and 𝑚 is 
the Schmid factor of the active slip system. The first active slip system 
was identified thanks movies taken in-situ during the tests.

The CRSS values obtained from each compression test were plotted 
as a function of the position in the gradient (Fig. 8). Results show that the 
denser the 𝛾 ′′ precipitation, the greater the CRSS. Indeed, two clusters 
can be pointed out: micro-pillars in the 𝛾 ′′- free region (position below 
0.35 μm) have CRSS values lower than 380 MPa whereas micro-pillars in 
the 𝛾 ′′- dense region (position above 0.35 μm) have CRSS values higher 
than 380 MPa. This cluster analysis was preferred to the linear tendency 
which is associated to a poor coefficient of determination (𝑟2=0.78).

When focusing on the slip activity during the compression test, 
a few examples from both the 𝛾 ′′ precipitation-free area and the 
𝛾 ′′ precipitation-dense regions can be emphasized. These examples are 
shown in Fig. 9. Pillars A and B are located in the 𝛾 ′′ precipitation

free region and are associated with a low yield stress, as observed 
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Fig. 6. Surface analysis of selected indents along the chemical gradient. Colors refer to the position in the gradient and are recalled on the sum of the stress-drop 
plot. Arrows are pointed at the furthest slip band from the indent.
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Fig. 7. (a) Stress-Strain compression curves of a few representative tests performed in the chemical gradient. (b) Schematic illustration of the location of the pillars 
in the chemical gradient and description of the associated colorcode. Pillars on the drawing are linked to the curves by their colors.

Fig. 8. Critical resolved shear stress (CRSS) of each micro-pillar plotted as a 
function of their position in the chemical gradient. Colors refers to the position 
in the different regions tested in the chemical gradient. Points resulting from 
the compression tests shown in Fig. 7 are surrounded.

on the compression curves (Fig. 7). One can notice that compression 
curves are surprisingly repeatable within each region given the scat

ter often observed with this type of tests. Pillar A exhibits intense slip 
bands along 2 slip systems, perfectly symmetric and with slip bands con

centrated in only a few tens of nanometers. Pillar B demonstrates slip 
bands which are much less intense and spaced further apart, as depicted 
in the insert micrograph on the pillar side for brightness/contrast en

hancement. Looking at the pillars in the 𝛾 ′′ precipitation-dense region, 
Pillar C presents shallow bands that are close together. Conversely to 
Pillar A, slip bands are spread all over the height of the pillar. Pillar D 
has fewer but more intense slip bands than Pillar C. These bands are also 
spaced further apart. In brief, no slip band typology trend according to 
the precipitation state can be drawn from these micro-pillars compres

sion tests, i.e., for monocrystalline pillars. While a clear difference of 
yield strength can be observed between the two regions, no trend in 
the occurrence and intensity of stress-drop can be drawn from these 
tests.

Further investigations were conducted on the characterization of the 
stress-drops occurring during micro-pillar compression, similarly to con

ventional nanoindentation. Fig. 10 is a summary of these findings. It 
is worth noting that not all tests were performed on the same crys

tallographic orientation. However, points vertically aligned in Fig. 10

come from micro-pillars milled in the same grain. For each compression 
test, stress-drops were identified in each compression curve and their 
stress amplitude was collected. In Fig. 10, the stress-drop amplitudes 
were summed below 3.5 % of plastic deformation and are plotted for 
each compression test as a function of the position within the gradient. 
No significant differences can be observed between the precipitate-free 
and precipitate-dense regions. Within the same grain, the amount of 
stress-drop can significantly vary (double or more) between indentation 
curves.

The number of active slip systems and the strain-hardening parame

ters are also indicated in Fig. 10 as marker shape and color variation, re

spectively. The number of active slip systems has been identified thanks 
to the SEM images and video acquired in-situ during the compression 
tests and the EBSD data. Most compression tests activated 2 slip systems. 
Only 3 tests (out of 23) in the precipitate-free region activated only one 
slip system. 2 of these tests show a really low amount of stress-drops. For 
some compression tests, 3 slip systems were activated instead of 2 slip 
systems. In these cases, the amount of stress-drops was lower than any 
other tests with 2 active slip systems. In addition, the number of active 
slip systems does not influence the strain-hardening since widely spread 
strain-hardening values can be found for each category of number of 
active slip systems. Moreover, the strain-hardening and the amount of 
stress-drops do not seem to be correlated as, once again, widely spread 
strain-hardening values can be found in both high sum of stress-drop 
region (>600 MPa) and low sum of stress-drop region(<400 MPa).

One specific configuration -- corresponding to the case A depicted in 
Fig. 9 -- shows a significantly higher sum of stress-drops (>850 MPa) 
than the other tests. These micro-pillars are located in 2 different grains 
but with the same crystallographic orientation. One explanation to this 
behavior could be a microstructural/chemical heterogeneity within the 
micro-pillars. As these micro-pillars are close to the transitional region 
(with 𝛿 precipitation) and because of the wedge-cut sample technique, 𝛿
precipitation could be found at the bottom of the pillar. This would lead 
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Fig. 9. SEM micrographs of 4 different micro-pillars after compression at a strain level between 1 and 2 % of plastic deformation. Pillars A and B are located in 
the 𝛾 ′′ precipitation-free area and their compression curves are plotted in shades of blue. Pillars C and D are located in the 𝛾 ′′ precipitation-dense area and their 
compression curves are plotted in shades of red.

Fig. 10. Sum of stress-drop amplitude measured on compression curves below 
3.5 % of plastic deformation. Each point corresponds to a pillar and is plotted as 
a function of its position in the chemical gradient. Points shapes corresponds to 
the number of active slip systems (SS) and colors indicates the strain-hardening 
measured during compression tests.

to a stress concentration in the upper part of the pillar and an intense 
slip localization.

3.4. High resolution-digital image correlation (HR-DIC) under tensile 
loading

Interrupted tensile tests paired with HR-DIC technique was con

ducted to document the evolution of the slip localization at the sub-grain 
level in the precipitation-hardened (sample #4) and the solid-solution 
Alloy 718 (sample #3). These metallurgical states correspond to the 
bulk material and the oxidation-affected region within the pre-oxidized 
specimen, respectively. Three deformation steps were considered up to 
1.8 % of plastic strain. The EBSD and strain maps associated to the in

vestigated regions are shown in Figs. 12 and 11 for the solid-solution 
and precipitation-hardened specimens, respectively. Both samples are 
presenting similar grain structure. Both materials display plastic local

ization in the form of concentrated strain bands (i.e., slip localization: 
strain concentration due to slip band) with different slip localization am

plitude and spatial distribution from one metallurgical state to the other. 
The active slip systems are systematically the systems with the highest 
Schmid factor which is in agreement with the observations made on 
micro-pillars compression tests and HR-DIC experiments under tensile 
loading. The solid-solution Alloy 718 (Fig. 12) exhibits a higher density 

of localized bands of lower amplitude compared to the precipitation

hardened Alloy 718 (Fig. 11). As show in Figs. 12(g) and 11(g), the 
precipitation-hardened Alloy 718 displays less localized bands but they 
are significantly higher slip amplitude (in-plane slip amplitude ranging 
up to 170 nm at 1.26 % of plastic strain) compared to the solid-solution 
Alloy 718 (in-plane slip amplitude ranging up to 60 nm at 1.81 % of 
plastic strain).

A statistical analysis of the slip band distribution and amplitude (am

plitude of strain induced by individual slip band) was carried out on both 
the metallurgical states of the Alloy 718. The results are summarized in 
Fig. 13. The maximum slip amplitude (along the band) normalized by 
the length of the slip band increases as a function of the macroscopic 
plastic strain for both metallurgical states (Fig. 13(a)). For each load

ing step, the maximum slip amplitude is significantly greater for the 
precipitation-hardened state compared to the solid-solution state. The 
slip bands of the precipitation-hardened Alloy 718 are also more spaced 
as shown in Fig. 13(b), confirming the heterogeneous strain distribution 
observed on strain maps. In this plot, the slip band spacing was measured 
across several crystallographic grains, and each data point represents the 
average slip band spacing as a function of the average maximum slip am

plitude of all bands within a given grain. Moreover, in the case of the 
solid-solution Alloy 718, the amplitude of the slip localization events in

creases only slightly with increasing plastic deformation. In contrast, the 
amplitude of events in the precipitation-hardened Alloy 718 increases 
significantly with increasing plastic deformation.

These statistical results show that the solid-solution Alloy 718 
presents a high density of low amplitude slip bands, whereas the 
precipitation-hardened alloy shows significantly more intense bands. 
These slip bands are more spaced and therefore less numerous per grain.

4. Discussion

The present paper benchmarked different micromechanical testing 
techniques generally used to probe the crystal plasticity character of ma

terials at the sub-grain scale. It is worth noting that both the nanoinden

tation and micro-pillar compression tests are used here to assess the me

chanical response of the material in a ``monocrystalline'' material while 
the HR-DIC technique under tensile loading is used to probe the defor

mation capability of a polycrystalline aggregate. The elastic anisotropy 
in the Alloy 718 [42] can favor strain concentration and participate 
in the intensity and distribution of the slip localization events [49,20]. 
Both nanoindentation and micro-pillar compression tests present the 
advantage of having an exploitable stress-strain curve representative 
of the tested grain, the mechanical response being highly sensitive to 
the precipitation state. However, the stress-drop analyses and slip trace 
identification on pillars and from nanoidentation tests were more a 
case-by-case response with no important trends related to the metal

lurgical state, despite a macroscopic yield strength three times greater 
for the precipitation-hardened Alloy 718 compared to the solid-solution 
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Fig. 11. Sub-grain deformation map of the precipitation-hardened Alloy 718. (a) EBSD map with inverse pole figure represented along the loading direction. The 
associated tensile curve with interruptions is plotted as an insert. Full strain field along the loading direction at approximately (b) 0.17 %, (c) 0.32 %, (d) 0.61 %, 
and (e) 1.26 % plastic strain. (f) Magnification of the strain field (e). (g) In-plane slip amplitude map obtained by the Heaviside-DIC method.
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Fig. 12. Sub-grain deformation map of the solid-solution Alloy 718. (a) EBSD map with inverse pole figure represented along the loading direction. The associated 
tensile curve with interruptions is plotted as an insert. Full strain field along the loading direction at approximately (b) 0.24 %, (c) 0.48 %, (d) 0.88 % and 1.81 %
plastic strain. (f) Magnification of the strain field (e). (g) In-plane slip amplitude map obtained by the Heaviside-DIC method.
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Fig. 13. Statistical analysis of results obtained by high resolution-digital image correlation. (a) Maximum slip amplitude normalized by the slip length for the 
precipitation-hardened (sample #4) and the solid-solution Alloy 718 (sample #3) as a function of the macroscopic plastic deformation. (b) Average max amplitude 
(per crystallographic grain) as the function of average slip trace spacing for the precipitation-hardened (sample #4) and the solid-solution Alloy 718 (sample #3).

Table 1
Comparison of the compressed pillars shown in Fig. 9. Sol2 stands for solid-solution and PH for 
precipitation-hardened.

A B C D 
Grade Sol2 Sol2 PH PH 
Number of active Slip Sytems 2 1 3 2 
Schmid factors 0.425 ; 0.404 0.459 0.475 ; 0.389 ; 0,378 0.465 ; 0.415 
CRSS (MPa) 274 272 579 560 
Slip bands distribution Intense & Close Shallow & Far Shallow & Close Intense & Far 

Alloy 718. The HR-DIC technique is not capable to assess the local stress 
response of the material but evidenced a very distinct strain localization 
response in the Alloy 718 depending on its precipitation state. Based on 
the main results of the present investigation, different points will be dis

cussed in the following sections, such as slip localization and stress-drop 
analyses as well as technical advantages and drawbacks to inform on the 
crystal plasticity behavior at the sub-grain level.

4.1. Slip band distribution analysis

The slip activity of both the precipitation-hardened and solid

solution Alloy 718 was investigated using HR-DIC, micro-pillar com

pression and nanoindentation. Whereas the HR-DIC clearly shows dif

ferences in slip band spatial distribution and amplitude between both 
Alloy 718 grades, micro-pillar compression and nanoindentation did 
not converged to the same results. From the HR-DIC results at less than 
2 % of macroscopic plastic deformation, the precipitation-hardened 
grade exhibits intense slip bands highly spaced apart. In comparison, 
the solid-solution grade presents less intense slip bands and closer to

gether. This result on the strain localization intensity and density is 
in good agreement to the conclusions of Harte et al. [18] performing 
HR-DIC on different Ni-based superalloys either in a solid-solution state 
or precipitation-hardened state. Micro-pillar compression in the solid

solution region of the graded Alloy 718 showed that both intense slip 
bands close from each other and shallow slip bands highly spaced apart 
can be found. The same observation has been made in the precipitation

hardened region of the graded Alloy 718. Therefore, the characterization 
of the spatial distribution of slip bands and strain localization intensity 
using micro-pillar is not trivial to further predict the strain localization 
character of polycrystalline aggregates under tension.

In order to better understand the differences in slip amplitude and 
slip band distribution between the pillars, findings made on the micro

pillars examples depicted in Fig. 9 have been summarized in Table 1. 

First, the CRSS values in the solid-solution region (precipitation-free) 
is very similar for both micro-pillars A and B (274 and 272 MPa, re

spectively), but the micro-pillars have very different slip band distribu

tion; micro-pillar A showing intense slip bands close from each other 
while micro-pillar B shows shallow slip bands highly spaced apart. The 
same observation can be done on the micro-pillars C and D in the 
precipitation-hardened region. Thus, the CRSS is not responsible for 
this diverging slip activity while HR-DIC clearly evidenced clear ten

dencies on polycrystalline aggregates. Likewise, the number of active 
slip systems does not seem to influence neither the slip band spatial 
distribution nor their amplitude, as observed in Fig. 10. However, the 
crystallographic orientation and the resulting Schmid factors might have 
an impact on the slip band amplitude. From Table 1, pillars activating 
2 slip systems with 2 close Schmid factors (pillars A and D) show a high 
slip amplitude compared to the other 2 pillars. In that case, the slip ac

tivity would depend more on the crystallographic orientation than on 
the precipitation density. Changes in slip activity due to precipitation 
density may be hindered by the effect of crystallographic orientation.

The analysis of the slip bands at the surface of the sample tested 
by conventional nanoindentation showed a sligthly different response 
compared to micro-pillar compression. Indeed, slip bands were found 
further from the center of the indent in the precipitation-free region 
compared to the 𝛾 ′′ precipitation-dense region. As the yield strength is 
higher in the precipitation-dense region, it witnesses a size difference be

tween the plastic volume probed for both the metallurgical states. Even 
if displacement-driven tests ensure the same penetration depth regard

less of the reduced modulus and hardness of the material, the volume 
probed during the indentation test differs depending on the grain ori

entation due to the elastic anisotropic response of the material and the 
yield strength related to both the grain orientation and precipitation 
state. Therefore, the non-constant plastic volume probed during nanoin

dentation tests complicates the slip activity analysis, being opposite in 
terms of slip band spacing.
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This affected plastic volume could be an explanation to the different 
slip activity captured by HR-DIC and micro-pillar compression. Indeed, 
the plastic response measured by HR-DIC is a complex response of the 
entire microstructure: the plastic response of individual grains, the plas

ticity development from stress concentration from grains to grains due 
to elastic anisotropy but also the effect of the plasticity confinement by 
the grain boundaries. It can manifest as an hardening described by the 
Hall-Petch relationship or as interactions between slip bands and grain 
boundaries such as micro-volumes [68,26]. Conversely, the plasticity 
is not confined by grain boundaries when testing a single crystal. The 
micro-pillar compression technique probes a given volume with many 
free surfaces. Therefore, slip bands easily escape at the free-surfaces. 
Thus, the confinement of the plasticity by the grain boundaries could 
explain the different slip activity responses captured by HR-DIC and 
micro-pillar. This emphasizes the need for methods employing large 
fields of views, such as HR-DIC, to describe the representative slip ac

tivity at the part scale in Alloy 718. Furthermore, Zhao et al. [69] have 
also evidenced different dislocation structures within micro-pillars due 
to size effect in micrometric pillars. Therefore, additional dislocation 
structure characterizations using TEM would support and complement 
surface observations via slip trace analyses.

4.2. On the origin of the stress-drops

Stress-drop analysis was carried out on both the conventional 
nanoindentation results and micro-pillar compression. As mentioned 
above, the slip band analysis performed post-mortem after conven

tional nanoindentation showed a difference in plastic volume affected by 
the indentation between the precipitation-free and precipitation-dense 
regions. In that specific case, the 𝛾 ′′ precipitation limits the disloca

tion movement and thus confines the plasticity. The fact that a lower 
amount of stress-drop is observed in the 𝛾 ′′ precipitation-dense region 
could indicate that stress-drops are more likely related to slip bands 
emergence to the surface. Indeed, if stress-drops were related to precip

itation shearing, a higher amount of stress drop would be observed in the 
𝛾 ′′ precipitation-dense region. Instead, a higher amount of stress drop 
was found with a greater number of slip bands for the solid-solution 
state. However, the fact that the plastic volume affected is different 
between the solid-solution region to the precipitation-hardened region 
makes it difficult to conclude on the differences in plastic behavior be

tween the two regions. In addition, the complex mechanical loading 
associated with the shape of the tip used (Berkovich) makes the plastic 
response dependent on the crystallographic orientation. In the perspec

tive of pushing forward into the high-throughput identification of the 
plastic mechanisms responsible for stress-drops on indentation curves, 
the use of a spherical or spheroconical tip might limit discrepancy in 
plastic response for a given grain orientation. One could also consider 
performing some indentations at a larger scale to capture a homoge

nized mechanical response of several grains, leveling the mechanical 
response over a larger volume.

The micro-pillar compression technique leads to the confinement 
of plasticity within a known volume, i.e., the pillar size. Even so, the 
stress-drop analysis results in a number of parameter pairs that cannot 
be correlated (see Fig. 10). First, in the present study as well as others 
in the literature [70], no relationship could be established between the 
occurrence of a single stress-drop and the emergence of slip bands at the 
surface of a pillar. Also, no correlation was found between the slip band 
amplitude and neither the amount of stress-drop amplitude nor their 
number. Detailed examples to support this statement can be found in the 
supplementary material. Second, it was found and shown in Fig. 10 that 
the precipitation state does not influence the amount of stress-drop am

plitude, which supports the hypothesis made with conventional nanoin

dentation. Third, some studies have found that the activation of several 
slip systems could lead to less work-hardening compared to a single 
slip configuration [71]. In the present study, no correlation was found 
between the number of active slip systems and the work-hardening. Fi

nally, most micro-pillars show multiple active slip systems with only 3 
pillars activating a single slip system. For the two pillars located at 26 μm 
in the gradient (solid-solution state), this can be explained by the signif

icant difference between the first and second Schmid factor (~0.12). As 
for the pillar located at 22 μm within the gradient (solid-solution state), 
difference between the first and second Schmid factor is smaller (0.03) 
but the first Schmid factor is of 0.498. This very favorable grain ori

entation for slip activity could be responsible for the concentration of 
the slip in a single slip system. In comparison, when soliciting the en

tire microstructure, HR-DIC measurements revealed very few secondary 
slip activity in both the precipitation-strengthened and solid-solution 
Alloys 718. Again, this might be related to the lack of plasticity con

finement by the grain boundaries with micro-pillar compression which 
makes easier the activation of a second slip system.

4.3. Technique confrontation

Several micro-mechanical techniques were used in the present study 
to characterize the mechanical response of a chemically-graded mate

rial. Advantages and drawbacks identified in this study are listed in 
Table 2. 
Nanoindentation mapping combined with a wedge-cut polishing tech

nique was found to be a good solution to quickly access the local 
mechanical properties of the gradient, especially when its depth ex

tension corresponds to the distance of few indents on a conventional 
cross-section. The main technical challenge of this test is to isolate 
the very stiff and sensitive MEMS sensor from external vibrations. 
The sample preparation, despite delicate for wedge-cut preparation, 
requires low skills and access to common metallographic preparation 
techniques (polishing). It makes nanoindentation very appealing for 
high-throughput data collection to describe the heterogeneous me

chanical response of materials at the grain/phase level. Nevertheless, 
nanoindentation technique remains very sensitive to surface prepara

tion. The wedge-cut polishing of pre-oxidized samples, as careful as it 
was, is more complicated than conventional surface preparation tech

niques and can induce slight scratches at the sample surface due to 
oxide particles detaching from oxidized grain boundaries or external 
oxide layer. Such surface preparation artifacts can add noise on the 
measured mechanical properties and thus affect the evaluation of the 
elastic anisotropy of the tested material. Increase in nanoindentation 
speed with a pretty good positioning and sensitivity (force and dis

placement) allows for high speed nanoindentation mapping with high 
resolution to probe the local mechanical properties at the micron/sub

micron scale [37,39,38,31,42]. High resolution nanoindentation map

ping can be obtained, allowing to differentiate small size phases such 
as an oxidized grain boundary, or accurately characterize the hardness 
and reduced modulus evolution along the gradient [31,59]. Despite 
inverse methods are very effective to assess anisotropic elastic prop

erties from reduced modulus maps [31,42,72,73], the full exploitation 
of hardness properties to identify the crystal plasticity response is not 
direct. In addition, local load-displacement curves obtained by con

ventional nanoindentation also provide information about the plastic 
activity in the gradient (pop-in/stress-drop). However, the mechanical 
loading complexity and the non-confinement of the plasticity, i.e., in

creasing indented volume with depth make it difficult to identify the 
origin of plastic activity and/or compare the plastic activity between 
different regions of the gradient. In addition, nanoindentation is also 
prone to size effect due to the effect of activation sources and plasticity 
development.

The micro-pillar compression also allows to assess small regions 
within the gradient -- with resolution 10 times greater than nanoin

dentation -- to extract stress-strain curves. The set-up phase is more 
complex, longer and more sensitive to manufacturing as mentioned in 
the introduction [74--76]. FIB-machining artifacts are well described in 
the literature and can affect the mechanical response of small-size pil

lars. Gallium implantation and irradiation hardening, surface curtaining 
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Table 2
Techniques advantages and drawbacks for the gradient characterization.

Nanoindentation Micro-pillar compression HR-DIC

Advantages - Easy to set up - Confinement of the 
plasticity

- Global mechanical response 
of the microstructure

- Probing very small volumes 
(high resolution)

- Allow to isolate 
microstructural features

- Statistically presentative 
dataset

- Local stress-displacement 
curves

- 3D characterization of 
plastic mechanisms

- Local stress-strain curves

Drawbacks - Complex mechanical loading - Sensitive to size effect and 
manufacturing

- 2D information

- Difficulties to access the 
information on plastic 
mechanisms

- No local stress-strain curves

effects, edge blunting, taper angles, etc., are common issues encoun

tered during FIB-machining. In this study, all the pillars were machined 
following the same semi-automatic method, leading to similar artifacts 
from pillar to pillar. For instance, Fig. 9 showed stripes parallel to the 
loading direction at the surface of some pillars (curtaining effect) and 
slight variations in the taper angles. However, based on the repeatability 
of the elastic behavior of the pillar and the trend of the CRSS, the sur

face preparation artifacts were found to have very little influence on the 
mechanical properties compared to the contribution of the metallurgical 
state. Compared to nanoindentation, micro-pillar compression allows to 
probe a known volume with much easier stress state to consider. The 
plastic volume affected during the micro-pillar compression test is iden

tical for all pillars independently on the their position in the gradient. 
Plastic responses are then comparable between tests and the emergence 
of plastic events on the different pillar surfaces allows for identifying the 
active slip systems and characterize slip activity. However, the relation

ship between the stress-drop observed on the local stress-strain curves 
and the slip activity -- slip amplitude and slip distribution -- remains un

resolved. Therefore, it is impossible to predict the slip activity from the 
local stress-strain curves as well as the slip localization character, i.e., 
slip intensity and spatial distribution.

While micro-pillar compression isolates a single crystallographic 
orientation (in this study) or microstructural feature to measure its 
response to a compression loading, HR-DIC captures the mechanical 
response of a polycrystalline aggregate. Both information are comple

mentary. Comparing the results of both techniques in the present study, 
allowed to found out that the slip activity is different whether the de

formation was confined by the grain boundaries or not, potentially due 
to the elastic anisotropy and grain deformation incompatibility leading 
to complex stress-strain fields in polycrystalline aggregates.

5. Conclusions

In the present work, a framework has been developed to create 
and test material with a gradient of chemical composition/microstruc

ture/properties over tens of micrometers. The wedge-cut preparation 
technique paired with nanoindentation mapping was found to be a good 
combination to characterize the hardness gradient associated with the 
𝛾 ′′ precipitation depletion with high spatial resolution in a Ni-based 718 
alloy. The increase in local yield strength and CRSS with the increas

ing density of 𝛾 ′′ precipitates was also quantified along the chemical 
gradient thanks to micro-pillar compression. The plastic response and 
slip activity were found to be significantly different between a poly

crystalline aggregate and a single orientation. Indeed, no relationship 
can be established between the plastic activity identified by micro-pillar 
compression or nanoindentation and the 𝛾 ′′ precipitates density while 
tensile testing paired with HR-DIC showed that slip bands are more 
intense and spaced farther apart in a 𝛾 ′′-dense region compared to a 𝛾 ′′
free region. This emphasizes the role of intragranular slip localization 
and the contribution of neighboring grains on the slip activity, inten

sity and spatial distribution in polycrystalline aggregates. The HR-DIC 

is a particularly appropriate technique to characterize the slip localiza

tion behavior of polycrystalline aggregates but lacks in local quantitative 
stress-strain evaluation compared to nanoindentation and micro-pillar 
compression testing.
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