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Abstract

The structural integrity of operated components can be assessed by non-destructive mechanical tests performed in-situ with
portable instruments. Particularly promising in this context are small scale hardness tests supplemented by the mapping of
the residual imprints left on metal surfaces. The data thus collected represent the input of inverse analysis procedures, which
determine the material characteristics and their evolution over time. The reliability of these estimates depends on the accuracy
of the geometry scans and on the robustness of the data filtering and interpretation methodologies. The objective of the present
work is to evaluate the accuracy of the 3D reconstruction of the residual deformation produced on metals by hardness tests
performed at a few hundred N load. The geometry data are acquired by portable optical microscopes with variable focal
distance. The imperfections introduced by the imaging system, which may not be optimized for all ambient conditions when
used in automatic mode, are analysed. Representative examples of the output produced by the scanning tool are examined,
focusing attention on the experimental disturbances typical of onsite applications. Proper orthogonal decomposition and data
reduction techniques are applied to the information returned by the instrumentation. The essential features of the collected
datasets are extracted and the main noise is removed. The results of this investigation show that the accuracy achievable with
the considered equipment and regularization procedures can support the development of reliable diagnostic analyses of metal
components in existing structures and infrastructures.
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1 Introduction stresses; local heating developing at the welds and near the

gas compression stations [3-9]. The related degradation pro-

The structural integrity of operated components can be con-
tinuously monitored by non-destructive mechanical tests
performed on site, with portable instruments. This approach
can prevent the premature failure of large structures and
infrastructures that are difficult to access, such as inshore
and offshore windmills for the production of clean energy,
and pipeline networks that transport hydrocarbons, hydrogen
and water over long distances [1, 2]. These structural systems
are mainly composed of welded portions of steel pipes, with
effective mechanical properties that can vary over the time
and space due to: chemical interactions; exposure to aggres-
sive environments; the presence and the evolution of residual
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cesses can compromise the safety margins foreseen in design,
while inhomogeneous distributions of the material properties
can also be produced by the replacement of part of the oper-
ated components after accidental events like fire, explosions,
impacts [10-13].

The local verification of the actual material properties may
also be appropriate for other mechanical applications, includ-
ing pressure vessels, manufacturing products and facilities,
historical structures, joints and welds [14-20].

Damaging and aging processes in metals are mainly
reflected by the evolution of the hardening response [3, 6,
21-25], which can be determined by instrumented indenta-
tion and hardness tests [26—51]. The high spatial resolution
of these techniques permits to detect localized variations in
material properties over time. These changes can play the
role of early indicators of ongoing degradation phenomena.

Indentation tests can be performed onsite, directly on the
operated component [32, 35, 50, 52] without any need to
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extract material samples and/or to machine specimens [41,
53, 54]. The most frequently acquired experimental infor-
mation consists of the force applied to the indenter tip and
of the corresponding penetration depth into the material [14,
19, 20, 27-32]. These pairs define the so-called indentation
curves. The accuracy and reliability of the material properties
deduced from these data can be improved by the consid-
eration of the residual deformation left on metal surfaces,
following a methodology that is rapidly spreading in differ-
ent contexts [33—43].

Eventually, geometry data alone can be exploited for diag-
nostic purposes [34, 49]. In fact, the permanent deformation
produced by hardness test on structural metals reflects the
main constitutive properties that govern the plastic flow, such
as the yield limit and the material strength [3, 6, 10, 23]. The
value of these parameters can be extracted from geometry
measurements using inverse analysis procedures that com-
bine the experimental output with a validated simulation
model of the test. Thus, each set of constitutive properties
can be associated to an indentation profile.

Indentation and hardness tests can be carried out at differ-
ent load levels. Values typical of structural applications (1-2
kN) are for instance considered in [35, 37, 55]. Forces lower
by one order of magnitude, consistent with superficial inves-
tigations according to ASTM E18 Standards classification
[56], are applied in [32, 43, 49].

Reducing the load facilitates onsite applications as both
the equipment encumbrance and the image acquisition time
are reduced. Portable durometers and compact scanners, at
present widely available on the market, can be mounted on the
arms of collaborative robots powered by solar cells, and/or
on frames that move on rails. The measurements can be trans-
ferred through virtual networks, and processed to return the
sought material characteristics in near real time [36, 37, 57,
58]. Thus, fully automated testing campaigns can be planned,
overcoming the difficulties associated to the large extensions
and difficult accessibility of some strategic infrastructures.

Experimental data collected on site are usually affected by
various disturbances, which may compromise the reliability
of the mechanical predictions. The imperfections associ-
ated to the geometry scans, depending also on the measured
dimensions, and their source are the subject of the present
investigation. Data interpretation and filtering procedures are
also introduced in this contribution, which aims to provide
useful suggestions for practical applications.

The measurement system considered in this work is based
on focus-variation light microscopy, widely used to perform
micro-topography measurements and evaluate the quality of
surfaces and industrial products; see, e.g. [44—48]. The instru-
mentation combines optics with a limited depth of field with
a vertical movement of the scanning tool. The signal is pro-
cessed to identify the focused part of the acquired images.
These portions are then combined in order to reconstruct a

@ Springer

detailed three-dimensional (3D) view. The final result can
be returned in digital format and further processed and dis-
played, e.g. in the form of geometry maps or profiles.

The objective of the present investigation is to evaluate
the accuracy of the mapping of the residual deformation pro-
duced on metals by hardness tests performed at a few hundred
Nload. The imperfections introduced by the imaging system,
which may not be optimized for all ambient conditions when
used in automatic mode, are analysed.

Proper orthogonal decomposition and data reduction tech-
niques are applied to the information returned by the instru-
mentation. The essential features of the collected datasets
are extracted, and the main experimental disturbances are
removed.

The results of this work show that the accuracy achievable
with the considered equipment and regularization method-
ologies can support the development of reliable material
calibration procedures for the diagnostic analysis of metal
components in existing structures and infrastructures.

The presentation is organized as follows. The material
characterization procedures based on the imprint mapping
are introduced first, in Sect. 2.1. The experimental infor-
mation provided by the optical devices considered in this
work is illustrated in Sect. 2.2, while the main results of for-
mer investigations in the envisaged context are summarized
in Sect. 2.3. The imperfections that can affect the geometry
scan are considered next, in Sect. 3, focusing attention on the
output of optical microscopes with variable focal distance.
The relevance for the diagnostic analysis of the experimental
disturbances is evaluated in Sect. 3.1, while regularization
procedures are proposed in Sect. 3.2.

2 Material Characterization by Imprint
Mapping

The permanent deformation produced by hardness tests
reflects the mechanical characteristics of metals in indi-
rect manner. Thus, the main constitutive parameters can be
identified by inverse analysis procedures, which entail the
comparison between the experimental output and the corre-
sponding results of an accurate simulation model of the test.
Non-linear finite element methods (FEMs) are often used to
this purpose, e.g. [35, 36, 39, 43, 54]. Alternatively, equiv-
alent analytical surrogates that operate in near real time are
introduced [57].

Inverse analysis rests on the iterative updating of the con-
stitutive properties, given as input in the simulation tool, until
the discrepancy between the experimental results and the cal-
culated ones is minimized. The optimum set of constitutive
values is then assumed to coincide with the actual mate-
rial characteristics. The overall procedure is schematized in
Fig. 1.
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Fig. 1 Schematic of the inverse analysis procedure

2.1 Simulation Models

The metal response to indentation can be reproduced by
traditional elastic-plastic constitutive laws, where Young’s
modulus E and Poisson’s ratio v characterize the initial
reversible behaviour. These properties can be assumed con-
stant during the lifetime of most structures.

Beyond elasticity, the classical Hencky—Huber—von Mises
(HHM) plasticity model is often selected, and the exponential
hardening rule is introduced:

EegP\"
+ —) . (1)

In relation (1), the scalar variables o and &? represent
the equivalent (in HHM sense) true (Cauchy) stress and the
plastic component of the logarithmic strains, respectively,
while the initial yield limit o, and the exponent n are the
main material parameters to be identified for the diagnosis
of operated components.

The constitutive response in terms of nominal (engineer-
ing) values [59], typical of traditional tensile tests, and the
material strength can then be recovered by applying the
incompressibility constraint to the irreversible strains.

The yield limit and strength are affected by material
aging and other damaging phenomena. These parameters
are also reflected by the results of indentation and hardness
tests, which can be reproduced by combining the constitu-
tive relations with finite element discretization [34, 35, 49].
Equivalent analytical surrogates may then be introduced to
reduce the computational burden. In any case, the accuracy
of the simulation models is independent of the applied load,
and can rely on previous validation work [34-43].
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2.2 Experimental Information

The permanent deformation produced by indentation on
metal surfaces can be mapped by several portable devices.
Optical microscopes with variable focal distance (Alicona IF
system) are considered in this study [44, 60].

The portable equipment used in the present investigation
is shown in Fig. 2b visualizes the micrograph of an indented
metal surface while the snapshot in Fig. 2c displays the 3D
reconstruction of the residual deformation, as reproduced by
the software supplied with the instrument.

The microscope mounts 4 optics (2.5%, 5x, 10x, 20x),
and allows to investigate the morphology of different sur-
faces over a wide depth range, with a vertical resolution up
to 50 nm. Vision can be improved by optimizing the light-
ing conditions, automatically setting or manually adjusting
brightness and contrast.

Dedicated software is installed on a computer connected
to the instrument. It controls the focus variations and the
movements (up to 130 mm in the vertical direction, 95 mm
horizontally) required for the sequential imaging of large
areas.

The acquired information can be viewed as shown in
Fig. 2, and stored in digital format. The data can be further
processed and represented in various ways, as for example
displayed in Figs. 3 and 4, and in the following graphs.

Figure 3a visualizes the geometry of the imprint generated
by an axisymmetric Rockwell tip [55, 56] pressed against the
surface of a pipeline steel at 2 kN maximum load [35]. Since
the material is isotropic, the imprint is axisymmetric and fully
represented by the mean curve displayed in Fig. 3b

The profile and confidence limits reported in Fig. 3b are
obtained from the coordinates describing eight radial cross
sections of the 3D graph in Fig. 3a, equally rotated (by 45
degrees) with respect to each other. The confidence interval
is barely visible as the measurement dispersion is extremely
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(b)

Fig.2 The portable optical microscope with variable focal distance used in the present study (a); the micrograph (b) and the 3D reconstruction

(¢) of an indented metal surface
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Fig.3 Geometry of the residual deformation generated by Rockwell indentation: a 3D mapping of the imprint produced at 2 kN load on pipeline

steel; b mean profile and confidence limits

low also thanks to the accuracy of the scan, in this case per-
formed in lab.

Applied forces of an order of magnitude lower than that
producing the output shown in Fig. 3 have also been consid-
ered for material characterization purposes [32, 43, 49].

Figure 4 compares the contour plot of the residual defor-
mation left on pipeline steel by hardness tests carried out at
2 kN and 0.2 kN load. The area of the square domain repre-
sented in Fig. 4a is 4 times larger than the one in Fig. 4b.
Thus, the imprint produced by 0.2 kN force can be mapped
in one shot, within seconds. In contrast, the representation of
the residual deformation corresponding to 2 kN load requires
image stitching, and a few minutes to process the data. The
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different run time is especially significant when the scan is
performed in situ on operated components, and repeated hun-
dreds of times.

2.3 Former Identification Results

The coordinates representing the mean profile of an indented
metal surface can be obtained as described in Sect. 2.2.
These data can be supplied to the inverse analysis proce-
dure schematically outlined in Fig. 1, to identify the main
mechanical properties of the material [35].

Figure 5 compares the experimental curve represented
in Fig. 3b with the output of the simulated indentation test,
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Fig. 4 Contour plot of the residual deformation produced on pipeline steel by hardness tests for the applied load: a 2 kN; b 0.2 kN
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Fig.5 Comparison between the experimental imprint geometry of
Fig. 3b and the output of the numerical simulation performed with the
identified material parameter set [35]

using the identified values of the parameters oy and n (1)
as input data. The good correspondence between the exper-
imental profile and the recalculated geometry is due both to
the accuracy of the numerical model and to the reliability of
the inverse analysis procedure.

The simulation model can also be used to quantify the
influence of the metal properties on the residual deforma-
tion produced by indentation [61]. Sensitivity analyses show
that the parameters governing the plastic flow (in particu-
lar, the yield limit and strength) are particularly reflected by
the piling up region surrounding the sinking material. Con-
versely, the imprint portion below the reference plane mainly
reproduces the geometry of the penetrating tip. This feature
is clearly visible in Figs. 3b and 5, which display the 120°
opening angle and the rounded end with 200 pm radius of
the sphero-conical Rockwell tip [55, 56].

The imprint profiles shown in Figs. 6 and 7 are obtained
from data sets similar to that visualized in Fig. 4b. The curves
in Fig. 6 compare the indentation response of X70 pipeline
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Fig.6 Comparison between the indentation response of X70 steel in

reference and mechanically hardened conditions (Rockwell tip, 0.2 kN
load) [49]
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Fig.7 Comparison between the indentation response of 17H1S steel in
as received status and after 36 and 51 operation years (Rockwell tip,
0.2 kN load) [49]

steel in reference conditions, and after mechanically induced
hardening. The graphs of Fig. 7 show the evolution, with
operation time, of the irreversible deformation produced by
a Rockwell tip on 17H1S steel at 0.2 kN load.
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Table 1 Mechanical properties of
17HIS steel determined from

Imprint mapping [49]

Tensile test [25]

imprint mapping and tensile test

Yield limit [MPa]

Strength [MPa] Yield limit [MPa] Strength [MPa]

As received 390
Aged, 36 years 351
Aged, 51 years 416

524 357 547
576 405 563
730 449 610

Table 1 lists the main mechanical properties obtained from
the curves drawn in Fig. 7, applying the procedure outlined
in Fig. 1, and from traditional uniaxial tests. The agreement
is quite good despite the different material volumes involved
in indentation and traction tests [49].

3 3D Scan of Hardness Imprint

The results of the previous studies, summarized in Sect. 2,
show the potential of non-destructive diagnostic analyses
based on hardness tests performed on operated components
at a few hundred N load. The considered methodology is
based on the mapping of the residual deformation left on the
investigated metal surfaces. Optical microscopes with vari-
able focal distance are used [44].

The geometry scans obtained with the instrument pre-
sented in Sect. 2.2 (optics 10x; vertical and horizontal
resolution: 1 and 7.5 wm, respectively) are further analysed in
this section. The 3D coordinates of 4000 points lying on the
explored surfaces are considered. These data are processed
in Matlab environment [62].

The graphs shown in Fig. 8 represent the profile of three
imprints (nominally identical) produced by a Rockwell tip
pressed against the surface of X70 steel at 200 N load.
Figure 8arefers to the initial material status, Fig. 8b concerns
mechanically hardened conditions. The curves associated
with each situation are quite repetitive, confirming the rep-
resentativeness of each mapping [49]. Their average is
displayed in Fig. 6.

The dimensions of the mapped regions allow to highlight
the roughness of the indented surface, barely visible in the
profiles of Fig. 3 obtained at 2 kN load. On the other hand,
the rounded end of the Rockwell tip is well defined in Figs. 3
and 5, not so in Fig. 8.

The arrow in Fig. 8a points out a major deviation from the
expected trend. This anomaly is due to the deposition of dust
particles difficult to remove since, in this case, the mapping
was performed several days after the indentation test.

Other disturbances can be related to the features of the
imaging system, which may not be optimized for all ambient
conditions when used onsite, with automatic setting. Exam-
ples are given in Fig. 9, which graphically represents the
raw data returned by the equipment employed in the present
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study. The mapping has been performed under different light-
ing conditions.

Figure 10 displays eight radial cross sections and the mean
profiles extracted from the 3D datasets visualized in Fig. 9.
Micrographs of the indented surfaces are also shown. The
corresponding imprints are labelled A and B.

Case A shows peaks of light reflected from the bottom
of the imprint, which acts as a mirror. In contrast, when the
light intensity is reduced, some information may also be lost
in the piling up region of the mapped surface (case B). The
missing data are replaced by the linear interpolation of the
available ones [62]. However, the geometry reconstruction
may be distorted around the sunken area of imprint B.

The informative content of the geometries visualized in
Figs. 9 and 10 can be evaluated by proper orthogonal decom-
position (POD) [63]. This procedure allows to represent the
data in an orthonormal reference system different from the
Cartesian one. In the present context, the POD bases corre-
spond to primary deformation modes.

3.1 POD Representation

In this study, the POD representation of the imprints consid-
ers the 8 radial cross sections extracted from the 3D scans
following the procedure outlined in Sect. 2.2. The corre-
sponding Cartesian coordinates are stored in the 8 columns
of matrix U.

The POD bases are defined by the eigenpairs (eigenvectors
Vi and eigenvalues \i, i = 1, ...8) of the square matrix
D = UTU. Each basis is represented by the vector @;, such
that:

1
®;, =—=UYV,, 2
= UV @

where \;j plays a normalization role.

The original information stored in matrix U can then
be reconstructed from the linear combination of the bases
@; and the amplification factors defined by the row vectors
Ai=o!U.

As a typical POD feature, the decay rate of the eigenvalue
sequence (see, for example, Table 2) can be associated with
the information content of the original data, projected onto
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Fig.9 Graphical representation of raw datasets returned by the equipment shown in Fig. 2
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Fig. 10 Blue lines: radial cross sections of the imprints A (a) and B (b); black curve: mean profile. Micrographs of the indented metal surfaces in
the inserts (Color figure online)

Table 2 Eigenvalues associated
to the POD of the profiles Ist 2nd 3rd 4th
visualized in Fig. 10

Imprint A 0.9270 0.0352 0.0065 0.0021
Imprint B 0.8252 0.0050 0.0014 0.0011

@ Springer



81 Page8of13

Journal of Nondestructive Evaluation (2023) 42:81

05/
(@) 04

0.3}
0.2}
0.1}
0 d
01p
_02 =gl
03} |
04
05/
06

Depth [mm]

0.3 0.4
Radius [mm]

0.2 0.5 0.6

0.6

(b) o
0.4
0.3
0.2r
0.1r
o/
-0.1
-0.2
-0.3

Depth [mm]

0 01 02 03 04

Radius [mm]

0.5

0.6

0.7

Fig. 11 The first four POD bases associated to the profiles extracted from the imprints A (a) and B (b), visualized in Fig. 10

0.02

(a)

S
o
N

o
o
S

Depth [mm]

-0.06 |,

-0.08
0

0.1 02 03 04

Radius [mm]

05 06

0.02

(b)

Depth [mm]

S o o
o o o
(&) S N

-0.08
0

01 02 03 04

Radius [mm]

05 06 07

Fig. 12 Mean profile (black continuous line) and confidence limits (red dashed lines) of the imprints A (a) and B (b), filtered data (Color figure

online)

each basis (here, as anticipated, primary deformation mode)
[63].

The first four bases of the POD representation of imprints
A and B are shown in Fig. 11.

Mode 1 (pink line) consists of the scaled mean profile of
the permanent deformation left on the metal surface. In case
A, this curve is affected by the systematic presence of the light
peaks reflected from the bottom of the imprint. In case B, the
curve presents a small deviation from the expected trend at
about 0.1 mm from the symmetry axis. This anomaly is due
to the reflection peak affecting one cross section in Fig. 10b.

The other bases contain noises. In case B, Fig. 11b, all
modes except the first, show pronounced variations in the
zone between the free surface and the sunken region.

The most frequent anomalies are located below the orig-
inal level of the indented plane. These data show a low
sensitivity to the material characteristics and, therefore, do
not influence significantly the identification of the constitu-
tive properties [49]. In fact, see Sect. 2, the lower part of the
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imprint profile mainly reproduces the geometry of the inden-
ter tip. This feature can be exploited to filter the experimental
disturbances.

In the sunken region, the imprint geometry can be regu-
larized by neglecting the scan points located outside a band
of pre-defined width (say, 8) from the ideal Rockwell profile
[49]. Figure 12 shows the results of this procedure for 8+ 2.5
pm.

The graphs in Fig. 13 compare the mean curves of Fig. 12
with those of Fig. 10. Major deviations from the expected
trend are removed and the plots overlap largely.

3.2 Lacking Data

Under some lighting conditions, the equipment cannot
acquire the entire area of interest. This is the case of imprint
B.

The missing information is highlighted in Fig. 14, which
displays the raw measurements provided by the optical device
in a different way, namely: the sets of out-of-plane coordi-
nates placed on the upper third, middle third and lower third
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of the imprint depth define the red, green and blue regions,
respectively; white areas correspond to lacking data.

The missing data are usually replaced by the linear inter-
polation of the available ones [62], but this procedure could
affect the geometry reconstruction. This eventuality is veri-
fied here by considering 6 alternative cross sections of imprint
B, manually extracted from the more densely populated areas
of Fig. 14b. These profiles are represented in Fig. 15a with
the corresponding mean curve.

Figure 15b shows the mean curve of Fig. 15a compared
with the profile resulting from the automatic selection of the
cross sections, see Fig. 10. The difference is almost negligi-
ble.

As a further verification exercise, some coordinate sets
are artificially removed from the imaging data of imprint
A, which presents a marked piling-up. The main peaks of
reflected light are also eliminated in this application.

The raw distribution of the retained information, repre-
sented in Fig. 16a, mimics that in Fig. 14a. Figure 16b shows
the 3D reconstruction of the altered scan, with the empty

areas replaced by the linear interpolation of the available
coordinates [62].

The profiles displayed in Fig. 17a are extracted auto-
matically from the dataset represented in Fig. 16b. The
corresponding average curve, represented in Fig. 17b, is
almost superimposed on the original one shown in Fig. 12a.

4 Conclusion

The present work considers a wide spreading approach
to the mechanical characterization of metals based on
indentation and hardness tests. The experimental campaign
can be performed in situ, applying relatively low forces
to reduce encumbrance and improve maneuverability of
portable equipment.

The study focuses on the contribution made by the
mapping of the residual imprint to the calibration of the
mechanical parameters that reflect the degradation processes
taking place in the material.
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a and the original one of Fig. 12a (red dashed curve) (Color figure online)
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The considered operative procedure combines two main
ingredients:

— the experimental data, affected by almost inevitable per-
turbations that depend on the test size, the execution mode
and the main characteristics of the mapping tools;

— arealistic simulation model of the experiment, free of the
above limitations.

The considered measurements are performed by optical
microscopes with variable focal distance. Attention is paid to
the inaccuracies associated with the imaging system, which
may not be optimized for all ambient conditions when used
onsite, in automatic mode. In fact, the accuracy of the geom-
etry scans significantly affects the reliability of the safety
predictions.

Simple regularization procedures are proposed to over-
come the major experimental disturbances, which are empha-
sized by the small size of the mapped imprints. The suggested
methodology allows to reliably support the diagnostic analy-
sis of even large structures located in harsh environment. Safe
lifetime can thus be extended and operation costs reduced
through timely repair plans and retrofit interventions on dam-
aging components.
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