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Abstract
Background The accurate measurement of residual stresses (RS) is crucial for predicting the performance of mechanical com-
ponents, as RS can significantly impact fatigue life, fracture, corrosion, and wear resistance. Different experimental methods 
were developed to measure RS, including non-destructive techniques. Among these methods, instrumented nanoindentation 
has emerged as a promising approach to assess equi- or non-equi-biaxial RS states. This technique analyzes variations in 
the mechanical response of indentation on a stressed or stress-free component to estimate residual stresses. Previous studies 
proposed different approaches to establish a relationship between RS and indentation parameters, such as contact area, peak 
load, mean contact pressure, indentation work, etc. However, the correlation between RS and peak load variation, commonly 
assumed to be linear, showed limitations, particularly when dealing with compressive RS.
Objective The aim of this work is to develop a hybrid procedure, based on finite element (FEM) simulations and experimental 
analyses, to measure the equi-biaxial residual stresses. In particular, it is based on the analysis of the nanoindentation peak 
load variation generated by the presence of residual stresses on a component.
Methods To overcome the limitations of the linear assumption, nanoindentation experiments were combined with finite ele-
ment analyses (FEA). FEA simulations were used to estimate the correlation between RS and peak load variation, providing 
a better understanding of the non-linear relationship. A proper experimental setup, consisting in a stress generating jig, was 
designed and manufactured to perform nanoindentations on a sample, made by aluminium alloy AA 7050 T451, subjected 
to external mechanical stress with the aim to validate the FEA model. FEA and the digital image correlation (DIC) technique 
were also used to verify that the induced stress field was the expected one.
Results Obtained results revealed that the proposed method is a valid way to measure residual stresses. In fact, it offers an 
improved correlation between RS and peak load variation. In addition, by integrating nanoindentation experiments and FEA, 
a more accurate assessment of RS can be also achieved.
Conclusions This research contributes to the development of a consistent methodology for RS measurement using instru-
mented nanoindentation.

Keywords Residual Stress Measurement · Nano-indentation · Digital Image Correlation · Finite Element Simulation

Introduction

The performances of mechanical components are strongly 
affected by the presence of residual stresses (RS). According 
to their sign and combined with the applied stress field, they 

can be beneficial or detrimental for the fatigue life, fracture, 
oxygen crack corrosion and wear resistance. The prediction 
of components performance highly depends on the correct 
measurement of RS field [1–5]. Mostly in general, the RS 
field can be classified as equi- or non-equi-biaxial, accord-
ing to the sign and the magnitude of the principal RS com-
ponents. In particular, when their sign and magnitude are the 
same, the RS stress state is named equi-biaxial, otherwise, 
non-equi-biaxial.

Over the years, several experimental methods were 
developed to measure residual stresses [6, 7] and, typically, 
they are classified as non-destructive, semi-destructive 
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or destructive. Among the non-destructive methods, the 
instrumented nanoindentation is one of the youngest and, 
therefore, more efforts are required to make it as a con-
sistent and certified methodology. Nanoindentation, in 
particular, allows to obtain an accurate measure of the 
equi- or non-equi-biaxial RS state on the surface of com-
ponents at the nanoscale [8]. The basic idea in measuring 
equi-biaxial RS field using nanoindentation is to analyse 
the variations in the mechanical indentation response on a 
component under stress-free conditions or under the effect 
of RS [8–10]. In fact, it was widely demonstrated that the 
presence of RS modifies the peak load, the contact area 
or the mean contact pressure compared to a stress-free 
case. Starting from this remark, different approaches were 
developed over the years [9, 11–15] to establish a relation 
between RS and indentation parameters.

In particular, Suresh et al. [11] exploited the contact 
area variation to determine RS; Lee et al. [12] assumed 
a linear relation between RS and the peak load variation. 
This latter, in particular, represents the difference of the 
load, measured at the maximum penetration depth, between 
a sample in stress free conditions and a sample under the 
effect of residual stresses. The methodology proposed by 
Swadener et al. [13] is based on the relation between the 
mean contact pressure variation generated by the presence 
of RS; Xu et al. [14, 15] found the dependence of the elas-
tic recovery to the maximum penetration depth ratio on 
RS. Lu et al. [16] used the loading curvature variation for 
the RS determination; Wang et al. [17] adopted an energy 
method to determine the difference in the indentation 
work between stressed and stress-free sample; Pham et al. 
[18] used a sharp indentation load-depth curve to measure 
simultaneously RS and plastic properties in steels. For the 
sake of clarity, Table 1 summarizes some of the method-
ologies proposed in literature; the precision of the previous 
methods depends on the specific case [19–21].

Recent progress involves the use of finite element anal-
yses (FEA), coupled with indentation tests, for the RS 

measurement RS [22–25]. Hosseinzadeh et al. [22] deter-
mine RS and material properties combining the load-depth 
curve with FEA and genetic algorithms. Finite element 
simulations and sharp indentation tests were also used by 
Wang et al. [23] for determining the welding-induced RS. 
Moharrami et al. [24] uses FEA to improve the accuracy of 
the Lee’s method [12] by determining and correcting the 
error committed by the Lee’s prediction for different set of 
RS ratio and yield strain. Peng et al. [25] proposed a method 
based on the indentation energy difference between stressed 
and stress-free samples in the indentation loading path; in 
particular, FEAs were used to determine the dependence of 
the elastic and plastic indentation energy on RS. The RS 
produced by welding were determined also by Lee et al. [26] 
and by Xue et al. [27] using indentation technique, FEA and 
optical observation.

The aim of this work is to propose an effective method 
for the residual stresses measurement that can be applied 
to a wide range of materials at the nanoscale using a sharp 
Berkovich indenter. Among the different parameters pro-
posed in literature to measure residual stresses, the peak load 
was selected as the estimator. This latter, in fact, is the most 
convenient as it is directly measured, with high accuracy, by 
the nanoindenter. According to Lee et al. [12], that also used 
the peak load for RS determination, a linear relation between 
RS and peak load variation can be assumed. However, sev-
eral studies demonstrated that this relation is not linear as the 
compressive RS have a higher effect on the nanoindentation 
curves than the tensile ones [11, 16, 28, 30, 31], leading in 
measurement error when Lee’s method is used.

The aim of the present paper is to provide a methodol-
ogy that is simple, accurate, applicable to a wide range of 
ductile materials and that allow to overcome Lee’s model 
[12] limitations by finding a better correlation between the 
peak load variation and residual stresses. To this aim both 
nanoindentation experiments and numerical FEA were 
exploited. In particular, FEA analyses were used to estimate 
the correlation between the RS and peak load variation. A 

Table 1  Summary of the most used RS measurement methodologies based on indentation technique

Article Scale Parameter of analysis Indenter type Main limitation

Suresh et al. [11] Macroscale Contact area Sharp Suitable for materials that exhibit sink-in phenomena [9].
Lee et al. [12] Macroscale Peak load Sharp Assumption of linear relation between RS and peak load [11, 16, 

28].
Swadener et al. [13] Nanoscale Mean contact pressure Blunt Not suitable to thin films and materials that tends to pile-up [13, 

29].
Xu et al. [14, 15] Nanoscale Elastic recovery Sharp Application limited to very hard materials (low value of the ratio 

elastic modulus to yield stress) [9].
Lu et al. [16] Macroscale Loading curvature Sharp Measurement variable indirectly obtained and consistent  

measurement error (up to 28%) [16].
Wang et al. [17] Nanoscale Indentation work Sharp Accurate for materials with high strain hardening exponents and 

yield strains [20].
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proper experimental setup was developed to carry out 
nanoindentation on a sample under the effect of an external 
mechanical stress. Obtained data, in terms of experimen-
tal peak load variation as a function of the applied stress, 
were used to validate the model. The main advantage of the 
proposed method is represented by the parameter selected 
for the analysis, i.e. the peak load, that is directly measured 
by the nanoindenter, reducing the data processing time and 
increasing the accuracy of the measurements. Furthermore, 
the combination of experiments and Finite Element Analy-
sis allows to find a non-linear correlation between RS and 
peak load with low experimental efforts and increasing the 
accuracy of the measurements.

It is important to point out that, this method can be 
applied in several cases if the material properties are well 
known. These latter can be obtained from a virgin dog-bone 

stress-free sample, before starting the RS measurement, 
using standard tensile test.

Methodology

The proposed method comes from the effect that RS have 
on the nanoindentation responses, as schematically shown 
in Fig. 1. In particular, when nanoindentation tests are car-
ried out in depth control mode, the maximum recorded load 
is strongly dependent by the presence of residual stresses. 
Naming L

0
 the peak load required to penetrate the stress-free 

sample until a specific maximum penetration depth, one can 
observe that it will get modified according to the sign of the 
residual stress. In detail, when the sample is under the effect 
of compressive residual stress (CRS) the maximum load Lc 
is greater than L

0
 , whereas when the sample is under the 

effect of tensile residual stress (TRS) the maximum load Lt 
is smaller than L

0
.

Based on these considerations, a relation between RS 
and the nanoindentation peak loads can be univocally 
determined. For a better understanding, a flowchart dia-
gram of the methodology is depicted in Fig. 2. It can be 
divided into 2 major steps: preliminary numerical analy-
ses and measurement step. Within the preliminary step: i) 
the maximum penetration depth to be used for the numeri-
cal indentations of both the samples, i.e. the one under 
stress free conditions and the one under the effect of the 
numerically applied residual stresses, must be specified; 
ii) the nanoindentation peak load L

0
 on the stress free 

sample is determined; iii) accordingly, the nanoindenta-
tion peak load L on the sample under the effect of the 
applied residual stresses is numerically determined as 

Fig. 1  Scheme of the residual stress effect on the nanoindentation curves

Fig. 2  Flowchart diagram of the proposed residual stress measurement method
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well, finally; iv) a relation between RS and nanoindenta-
tion peak load must be established. Within the measure-
ment step: i) the specimen under the effect of externally 
applied stresses is indented until the previously speci-
fied maximum penetration depth and the maximum load 
L is recorded; ii) using the correlation between RS and 
nanoindentation load, estimated in the preliminary step, 
the estimation of the RS will be validated.

It should be noted that the for the estimation of the 
RS both the nanoindentation peak load L and the relative 
nanoindentation load variation �L , calculated according 
to equation (1), can be used:

Furthermore, the stress-free nanoindentation load L
0
 

can be determined or experimentally, if a reference stress-
free sample is available, or by finite element analyses. In 
this latter case, the constitutive behaviour of the material 
has to be known. The relation between RS and nanoinden-
tation load L, or relative nanoindentation load variation 
�L can be determined via FEM.

FEM Nanoindentation Model

A finite element model was built using the commercial 
code ABAQUS CAE (Dassault Systemes 2020) to simu-
late the nanoindentation process and to quantitively derive 

(1)δL =
L − L

0

L
0

the relation between RS and nanoindentation load L, as 
described in "Methodology" section.

The FEM model is made by 2 different parts: the sample 
and the Berkovich indenter; this latter was modelled as an 
equivalent cone with an apex angle of 70.3° without generat-
ing big simulation errors as demonstrated by Koloor et al. 
[32], Celentano et al. [33] and Fischer-Cripps [34]. Because 
of the symmetry conditions, only a quarter of the entire bod-
ies was modelled. The indenter was defined as a discrete 
rigid part discretized in about 18,000 R3D4 elements. The 
specimen was modelled as a deformable part discretized in 
about 150,000 C3D4 elements. Mesh was refined near the 
contact zone to improve the accuracy of the results. The 
sizes of the whole model are 2 orders of magnitude greater 
than the contact zone sizes to avoid effect of the bound-
ary conditions on the simulation. Figure 3 shows the FEM 
assembly, with a highlight of the contact zone.

The interaction between the bodies was managed 
through the definition of a master surface (indenter) and 
a slave surface (specimen). A frictionless contact was 
defined since it was widely shown that friction effect 
on the maximum load is totally negligible [8]. Residual 
stresses were modelled as uniformly distributed pressure 
over the surfaces with normal along the x and z direc-
tions (Fig. 3) that are not involved in boundary symmetry 
conditions. The specimen was made of AA 7050 T451. 
Both elastic and plastic properties of the specimen mate-
rial were implemented in the model. All the mechanical 

Fig. 3  FEM nanoindentation model assembly with a magnified highlight of the sample penetration zone
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parameters of interest, as well as the plastic flow were 
experimentally obtained, as reported in Fig. 4.

The maximum penetration depth for the nanoindenta-
tion experiments was set to 2000 nm, which is a typical 
value for metals [35]. The nanoindentation curve was 
obtained recording the reaction force of the indenter in 
the penetration direction (load) and the displacement of 
the sample surface penetrated by the indenter.

Experimental Approach

Experimental investigations were carried out to validate the 
proposed methodology. To this aim, nanoindentations tests 
were done on a sample under the effect of an externally 
applied mechanical stress. The aim is to measure the effect 
of this latter on the load-penetration curve and compare the 
results with data obtained from the numerical finite element 
simulations. For the application of the mechanical stress 

during the nanoindentation, a proper setup was designed 
and realized taking into account the following constraints:

• The dimensions of the whole device should be small 
enough to be fitted under the nanoindenter.

• The stress field within the area of interest must be uni-
form to ensure repeatable measurements.

• The device should guarantee the application of both com-
pressive and tensile stresses for a complete analysis of the 
residual stresses.

The solution of this problem could be found in the four-
points bending test, as depicted in Fig. 5. In fact, a uniform 
uniaxial compressive and tensile stress field between the 
supporting pins is ensured on the top and the bottom speci-
men surface, respectively.

However, the aim of the present work is to measure the 
effect of equi-biaxial residual stress field on the nanoinden-
tation load. Consequently, a cruciform sample is proposed 
to generate a generically biaxial stress field, as reported in 
Fig. 6. This latter also reports the undeformed, Fig. 6(a), 
and deformed, Fig. 6(b), configuration. The geometry of 
the specimen is characterized by two principal bending 
directions. When all the loading pins move equally, the area 
within the four supporting pins will be subjected to uniform 
biaxial stress. Based on this consideration, such area would 
represent the investigation area.

Experimental Setup

The geometry of the stress-generating jig was specifically 
designed considering the geometrical constraints of the 
nano-indenter platform NHT2 (Anton Paar, Austria). A 3D 
model of the device proposed in this work is schematically 
shown in Fig. 7. It is made by a chassis (bottom jig) that 
will be rigidly attached to the nanoindenter platform; four 
miniaturized load cells that are demanded to continuously 

Fig. 4  Stress-strain curve of AA 7050 T451

Fig. 5  Specimen for uniaxial stress. (a) undeformed configuration; (b) deformed configuration
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record the applied load, allowing to calculate the applied 
mechanical stress as well, but they also represent the 
supporting pins schematically shown in Fig. 6; bending 
screws that are necessary to bend the sample, as schemati-
cally shown in Fig. 6, and an upper jig that is demanded to 
carry the load cell and firmly stabilize the entire device. 
The holes, made on both the upper and bottom jigs, are 
required to guarantee the entrance of the indenter head for 
the nanoindentation tests.

According to the geometry reported in Fig. 7, the upper 
investigation area of the specimen is subjected to a com-
pressive stress state whereas the bottom one is subjected to 

tensile stress. Depending on the displacement of the loading 
pins, one can generate a generic biaxial stress field. How-
ever, if all the loading pins move equally, the induced stress 
field is equi-biaxial, that is the one investigated in this work.

The manufactured stress generating jig is showed in Fig. 8, 
together with a scheme of the data acquisition system. The 
specimen used in this investigation is made by AA 7050 T451, 
whereas the bottom and upper jigs are made by stainless steel.

The entire stress generating jig was mounted on a nanoin-
dentation platform NHT2, Anton Paar, (load capacity 500 mN)  
for the experiments. In particular, nanoindentation tests were 
carried out using a Berkovich tip in depth control mode and 

Fig. 6  Specimen for biaxial stress. (a) undeformed configuration; (b) deformed configuration

Fig. 7  Scheme of the stress generating jig. (a) exploded view; (b) compressed view
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a maximum penetration depth of 2000 nm. Figure 9 shows 
the nanoindenter platform working on the sample installed in 
the stress generating jig. For each mechanical stress levels, 
25 nanoindentation tests were performed for statistical pur-
pose of the results. Figure also shows the residual imprints 
of the indentations. The distance between each indenta-
tion was set to 100 μm in both the horizontal and vertical 

direction to avoid measurements to interact and/or interfere 
each other.

Validation Measurements

The only load cell information cannot be used to guar-
antee the application of the desired mechanical stress, as 

Fig. 8  Stress generating jig and scheme of the data acquisition system

Fig. 9  Nanoindenter NHT2 platform performing tests on the sample in the stress generating jig; figure also shows the residual imprints from 
nanoindentation tests, matrix of 25 Berkovich indentations
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manufacturing error and/or mechanical clearance could gen-
erate displacement misalignment within the sample. There-
fore, a proper calibration/validation is required. It can be 
done by comparing the exact displacement field generated 
within the investigation area when a specific screw move-
ment is applied with the real one obtained by the stress gen-
erating jig. A combining of numerical FEM simulations and 
digital image correlation (DIC) measurements would help 
in this direction.

For this reason, a numerical FEM model was devel-
oped to simulate the loading conditions generated by 
the jig, as represented in Fig. 10. It was implemented by 
using the commercial finite element code ABAQUS CAE 

(Dassault Systemes 2020). The model is composed of the 
cruciform sample, four supporting pins and four loading 
pins. These latter were modelled as rigid cylindrical parts 
and represent, respectively, the specimen bending screws 
and the load cells. Thanks to symmetry, the simulation 
of a quarter model was sufficient but the whole one is 
represented for clearness.

The specimen was defined as a deformable part made of 
AA 7050 T451. Both elastic and plastic properties of the 
specimen material were implemented in the model, see Fig. 4.

Concerning the bodies interaction, a general contact for 
all parts was defined. Friction is not involved in the analysis 
since the parts do not slide on each other. The supporting pins 

Fig. 10  FEM model of the stress generating jig: (a) Assembly composed of the cruciform specimen and the loading and supporting pins; (b) 
Mesh of the whole assembly

Fig. 11  Scheme of the Digital Image Correlation (DIC) experimental setup
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positions are fixed in the numerical domain whereas the load-
ing pins can only move in the z-direction, see Fig. 10. The 
supporting and loading pins were discretized respectively 
with 355 and 726 R3D4 elements (average size 1 mm), the 
sample, instead, was discretized with about 15,000 C3D20 
elements (average size 1 mm). Quadratic elements were used 
for the sample since it is subjected to flexural stress.

For the experimental measurements, the DIC technique 
was used. It allows to get the real displacement field of a 
component by comparing pictures captured on the investiga-
tion area of the sample under the effect of an external load 
with a stress-free reference one. Figure 11 schematically 
shows the employed equipment that consists of a Sony ICX 
625-Prosilica GT 2450 CCD camera with a resolution of 
2448 × 2050 pixels along with two light sources. The focus 
of the images was performed using a Linos Photonics objec-
tive and a Rodagon lens f. 80 mm. Furthermore, camera 
spacers were adopted in order to get the magnification that 
allow to visualize the investigation area within the indenting 
holes. In these conditions a scale of approximately 90 pixels/
mm was obtained. The natural pattern of the sample was 
used for the correlation analysis. Digital image correlation 
was carried out by a commercially available image correla-
tion software (Vic-2D Correlated Solution) by setting 31 
pixels for the subset size and 3 pixels for the step size. It is 
essential to highlight that out of plane displacements have 
to be expected during the experiments, therefore 3D-DIC 

should be used estimate the data correctly. However, con-
sidering that the only aim was to qualitatively verify the 
capability of the setup to apply equi-biaxial stresses within 
the sample, 2D-DIC measurements were done. In this case, 
the in-plane displacements will represent a projection of the 
total displacements on the focus plane of the camera, but for 
the sake of this work it was sufficient.

Fig. 12  Cruciform sample FEM model results: (a) out-of-plane displacement  Uz imposed along z-direction; (b) corresponding reaction force  Fz 
at the supporting and loading pins

Fig. 13  Reaction force at the supporting pins as a function of the dis-
placement of the loading pins
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Results and Discussion

The results obtained from the FEM model of the cruciform 
sample, together with the experimentally DIC measured dis-
placement fields, are reported in Figs. 12, 15, 16 and 17. In 
particular, Fig. 12(a) shows the out-of-plane displacement 
Uz of the sample (z-direction in the figure) when the loading 

pins move 5 mm along the z-direction; Fig. 12(b), instead, 
shows the corresponding reaction forces Fz measured at the 
loading and supporting pins.

The reaction force Fz , measured at the supporting pins, as a 
function of the applied displacement of the loading pins Uz is 
reported in Fig. 13. Its trend is almost linear up to 320 N, that 
correspond to 8 mm of displacement, then it tends to slowly 

Fig. 14  In-plane displacement field generated on the tensile side of the sample: (a) horizontal Ux (mm) displacements along the x-direction; (b) 
vertical Uy (mm) displacements along the y-direction; (c) U (mm) magnitude of the in-plane displacement ( U =

√

Ux2 +Uy2 ). These results 
are referred to a movement of 5 mm of the loading pins (load recorded by load cells 200 N). A comparison between FEM and DIC experimental 
results is presented
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decrease as yielding mechanisms occurred within the sam-
ple. Based on this information, loading pins displacement has 
always been kept below the critical value of 8 mm.

Figures 14 show both the numerical and experimental in-
plane displacements of the tensile side of the sample when 
the loading pins are moved for 5 mm, corresponding to a 
reaction force of 200 N. In particular, Fig. 14(a), (b) show 
the horizontal Ux and vertical Uy displacement, respectively, 

along x- and y- direction. Figure 14(c) shows the magnitude 
of both the numerical and experimental in-plane displace-
ment U, calculated as:

Figures 15 show both the numerical and experimental in-
plane displacements of the compression side of the sample 

(2)U =

√

Ux
2 + Uy

2

Fig. 15  In-plane displacement field generated on the compression side of the sample: (a) horizontal Ux (mm) displacement along the x-direc-
tion; (b) vertical Uy (mm) displacement along the y-direction; (c) U (mm) magnitude of the in-plane displacement ( U =

√

Ux2 + Uy2 ). These 
results are referred to a movement of 5 mm of the loading pins (load recorded by load cells 200 N). A comparison between FEM and DIC exper-
imental results is presented
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when the loading pins are moved for 5 mm, corresponding to 
a reaction force of 200 N. In particular, Fig. 15(a), (b) show 
the horizontal Ux and vertical Uy displacement, respectively, 
along x- and y- direction. Figure 15(c) reports the magnitude 
of the in-plane displacement U, calculated using equation (2).

Figures 14 and 15 clearly show that the DIC experimental 
measurements well match the numerical predictions. There-
fore, it is possible to assert that the designed stress generat-
ing jig is able to generate the desired stress field within the 
sample and it can be used for the calibration/validation of 
the proposed model.

Figures 16 and 17 show the stress field induced within the 
sample, on the tensile and compression surface of the sample, 
respectively, obtained by numerical analyses. Focusing on 
the region of interest, one can observe that both the principal 
stress components S11 and S22, measured along x- and y- 
direction, respectively, have the same value in both the tensile 
side (240 MPa, see Fig. 16(a), (b)) and the compressive one 

(-205 MPa, see Fig. 17(a), (b)), no shear stress S12 in the x-y 
plane, Figs. 16(c) and 17(c), are observed and the equivalent 
Von Mises stress, Figs. 16(d) and 17(d), is uniform.

Figures also revealed that within the investigation region 
the tensile stress values are greater than the compressive 
ones due to the particular geometry of the sample. Moreo-
ver, Figs. 16 and 17 show that yielding will occur out of the 
indenting zone.

Figure 18 shows the S11 stress evolution as a function of 
the displacement applied on the loading pins, obtained at the 
middle point of the cruciform sample. Both the tensile and 
compression side are reported. Figure shows that stress is 
linear before yielding occurs and the tensile stress is greater 
than the compressive one.

Once the relation between the loading pins displacement 
and stress is known and after verifying that the induced 
stress field is equi-biaxial and uniform, nanoindentations 
were carried out. Figure 19 shows the comparison between 

Fig. 16  In-plane stress field on the tensile surface of the sample: (a) S11(MPa) along x-directions; (b) S22(MPa) along y-direction; (c) S12 
(MPa) shear component in x-y plane; (d) Mises equivalent stress (MPa). These results are referred to a movement of 5 mm of the loading pins 
(load recorded by load cells 200 N)

Fig. 17  In-plane stress field on the compression surface of the sample: (a) S11(MPa) along x-directions; (b) S22(MPa) along y-direction; (c) 
S12 (MPa) shear component in x-y plane; (d) Mises equivalent stress (MPa). These results are referred to a movement of 5 mm of the loading 
pins (load recorded by load cells 200 N)
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the experimental and the numerical nanoindentation curves 
obtained on the stress-free sample when a maximum pen-
etration depth of 2000 nm is applied. Results revealed that 
the numerical model accurately simulates the nanoindenta-
tion process.

Figure 20 shows the numerical nanoindentation response 
of the same sample under the effect of different equi-biaxial 
stresses. The aim is to investigate the influence of the stress 
level on the loading path of the nanoindentation curves and, 
particularly, on the peak load. Within the figure, the dotted 
line represents the load-penetration response of the stress-free 
sample, the green lines the ones of the sample under tensile 

stress fields and the red lines the response of the sample under 
compressive stress fields. The ratio between residual stress 
�R and yield stress �y ranges from -1.0 to 1.0 with 0.1 steps.

Figure 20 confirms that tensile stress has a greater effect 
on the nanoindentation peak load compared to compressive 
stress, as also reported in literature [8, 30]. For compressive 
stress field, the effect of residual stress on the nanoinden-
tation peak load tends to decrease when the magnitude of 
the stress increases. This is due to the stress field that the 
nanoindentation process induces itself. During the sample 
penetration, in fact, a compressive stress state is produced 
beneath the indenter. The nanoindentation stress field inter-
acts with the residual stress field and, consequently, the 
effect of tensile residual stress field (opposite in sign with 
the nanoindentation stress field) is greater than the com-
pressive residual stress field.

Figure 21 shows the experimental nanoindentation curves 
obtained using the stress generating jig for different stress 
level. In particular, Fig. 21(a) is referred to compressive 
stress fields, whereas Fig. 21(b) is referred to tensile stress 
fields. Results revealed a trend very similar to the response 
obtained by the numerical simulations confirming that the 
stress generating jig is able to well apply the desired stress 
field within the region of interest.

Figure 22 shows the peak load variation with the resid-
ual stress. Both FEM numerical and experimental results 
are presented. For the stress-free sample, corresponding to 
�R∕�y = 0 , measurements were carried out on both the upper 
and lower surface of the sample. As expected, these meas-
urements are almost identical.

Results revealed a good match between the numerical 
data and the experimental prediction. A very slight differ-
ence was obtained for tensile stress field, whereas for the 

Fig. 18  In-plane stress components in the traction and compression 
regions as a function of the displacement of the loading pins. Due to 
the symmetry conditions, the stress components in-plane are equal

Fig. 19  Nanoindentation curve of the stress-free sample. Both the exper-
imental and the FEM numerical curves are represented

Fig. 20  Nanoindentation curves numerically obtained for different 
stress level. The residual stress σR ratio yield stress σy ranges from 
-1.0 to 1.0. Only the loading portion of the nanoindentation curves is 
represented for clearness
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compression stress field, the FEM-experimental difference 
is a bit more pronounced. The effect of the compressive 
stress state, in fact, is more difficult to be observed experi-
mentally for the following reasons:

• The magnitude of the nanoindentation peak load varia-
tion is reduced for compressive stress field compared to 
the tensile one. Consequently, the model is less sensi-
tive to compression stress.

• During the nanoindentation tests, a reference header 
ring touches the specimen applying a bit pressure over 
the involved zone. This can produce a relaxation of the 

compressive stress state as the ring pressure tends to 
re-align the sample in the contact zone.

• High compressive stress level cannot be tested using 
nanoindenter because of the curvature of the sample. 
In fact, the extremities of the cruciform specimen obvi-
ously raise because of the displacement of the load-
ing pins. When this displacement exceeds a threshold, 
measurements are not possible. The threshold is deter-
mined by the specific design features of the nanoin-
denter platform NHT2. Furthermore, when the bend-
ing specimen screws move, the induced tensile stress 
magnitude is greater than the compressive one.

Fig. 21  Nanoindentation curves experimentally derived for various stress level; (a) compression stress; (b) tensile stress

Fig. 22  Relation between nanoindentation peak load and stress level. 
The maximum penetration depth of the nanoindentation tests was set 
to 2000 nm

Fig. 23  Relation between nanoindentation load variation δ L and stress level
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For all these reasons, a slightly bigger error was expected 
for compressive stress field than for tensile one. In any case, 
the magnitude of the committed error is widely acceptable.

It is important to point out that the peak load depends on 
the applied maximum penetration depth. It could be most 
useful apply equation (1) and identify the relation between 
RS and the relative nanoindentation load variation δ L that is 
independent of the maximum penetration depth. This rela-
tion is reported in Fig. 23. Since δ L is an indirect measure-
ment, its standard variation is significant, and this could lead 
to measurements error. Despite this concern, the experimen-
tal measures well fit the FEM results. Similar to the evidence 
of Fig. 22, even in this case, the effect of tensile stress is 
obviously greater than the compressive stress effect.

Conclusions

In this paper, a method for the measurement of equi-biaxial 
residual stress fields via instrumented nanoindentation is 
presented. The method was experimentally validated for an 
AA 7050 T451 sample.

The main idea was to use the nanoindentation peak load 
as residual stress estimator. In detail, it can be assumed 
that the variation of the nanoindentation peak load from 
a sample under the effect of residual stresses compared 
to a reference one is proportional to RS. If this relation 
is known, the RS can be estimated by a simple non-
destructive nanoindentation test. The relation between the 
peak load variation and RS was found by finite element 
simulations and the obtained results were experimentally 
validated. To this aim an ad-hoc stress generating jig was 
designed and manufactured. It allowed to induce a desired 
equi-biaxial stress field over a specimen and simultane-
ously execute nanoindentation tests to measure the peak 
load variation. Experimental measurements demonstrated 
good match with numerical simulations confirming the 
accuracy of the proposed methodology. It is important to 
point out that the methodology is also applicable to non 
equi-biaxial residual stresses, even though in such cases a 
mean value of the in-plane stress is provided. The gener-
alization to non-equi-biaxial residual stress fields requires 
further developments of the model and additional data. 
These latter can be obtained by using a non-axisymmetric 
indenter tip and additional information in different planes. 
All these aspects will be explored in a future work.

The strategy for the RS measurement here presented is 
simply applicable, also on industrial parts, and it just require 
an initial calibration for the material under investigation. In 
particular, if the properties of the material under investigation 
are known, a finite element analysis of the real component 
can be carried out, with the only condition that the overall 
geometrical size of the part must be two orders of magnitude 

greater than the selected indentation depth, to avoid edge 
effects and to allow the correct evolution of the process zone. 
The cruciform sample could be required only for validating 
the numerical results when a new material is investigated.

Future developments of the present work will involve the 
application of the proposed methodology and the compari-
son with results obtained by most conventional RS measure-
ment technique.
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