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1. Introduction

Residual stresses generated by manufacture or service may be
a major factor causing failures of structural components in a vari-
ety of engineering context. The assessments at the macro-scale of
residual stresses, and of stresses generated by deteriorating events,
are at present often performed by the “semi-destructive” Hole
Drilling (HD) method. This method is described with details, stan-
dardized and compared to alternative techniques in a vast recent
literature (see e.g. [1-6]).

Also instrumented indentation (IND) (historically originated
from “hardness tests” on structural metals) is widely dealt with in
present literature, where some specific issues related to this study
are elaborated and discussed [7-10].

In the present paper, a sequential combination of HD test
and instrumented indentation (mentioned here henceforth by
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HD +IND) is proposed for structural diagnosis, with a central
methodological role played by “inverse analyses”.

The operative procedure with some details on the main novel
features is outlined in Section 2.

Section 3 specifies the residual stress modelling considered and
its parameters to identify, the selected mechanical model of metal-
lic materials and the finite element simulations of the test. Test
simulations (“direct analyses”) and assessments of “sensitivities”
linking measurable quantities to sought parameters are presented
in Section 4.

Section 5 synthesizes the deterministic method adopted herein
for “inverse analyses” as mathematically supported transitions
from experimental data to the sought estimates of selected
mechanical quantities (“parameters”).

Computational numerical exercises, presented in Sections
6 and 7, are intended to preliminarily validate the pro-
posed correlated methods of “hole drilling” and “indenta-
tion”. Section 8 contains closing remarks on this preliminary
methodological study. Practical validations, related to real-life
industrial situations and experiments, are subject of current
research.
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2. Outline of the procedure for structural diagnosis by hole
drilling test and indentation, combined in a sequence

The method presented with details in subsequent sections for
estimation of both residual stresses and mechanical material prop-
erties is outlined here below as for the sequence of operative
steps.

(I) The metallic workpiece to be investigated is preliminarily
examined by an “expert” in the field, who provides the fol-
lowing basic information as “conjectures”: location of the
tests on the surface; a constitutive model for the material; “a
priori” assumptions on the stress state to estimate, such as
“uniformity” or “non-uniformity” along the hole depth;
possibly principal axes directions if due to production pro-
cess (e.g. lamination); selection of the parameters to identify
(governing stress state and material model) and of conjec-
tured lower and upper bound between which each unknown
parameter will be sought; for each parameter to estimate a
“reference value”, which may coincide with the average of
the conjectured lower and upper bound. In this preparatory
stage, clearly, also possible standardizations and codes of
practice are to be taken into account.

(11) The following experimental equipments are to be selected in
the present method: hole drilling instrument [2]; instru-
mented indenter (e.g. [11]); digital image correlation (DIC)
camera (see e.g. [12-14]). The HD features (depth, diame-ter,
penetration steps) should be chosen within the set of
standardized alternatives. The IND instrumentation apt to
provide, in digitalized form, tip advancement versus force on
the indenter can be selected among portable (no laboratory)
equipments available on the market. As for DIC instrumenta-
tion, the specific operative requirement is the selection of the
area around the hole and points on it where “full-field” (two-
or three-dimensional) measurements of displacements will
be performed (instead of strains measurements by “gauges
rosette”).

(111) Once-for-all for each category of HD + IND tests (primarily
characterized by the chosen hole shape), the following usual
computational operations are carried out: discretization
mesh (here finite elements) exploiting possible symmetries;
bound-ary and boundary conditions; selected computer code
apt to large-strains simulations.

(IV) “Sensitivity analyses” are performed by test simulations
(“direct analyses”) using the results of the preceding stages.
The following procedures, both starting from attribution of
“reference values” (stage I) to all parameters, are often practi-
cally useful (primarily for selection of measurable quantities).
(o) Traditional sensitivity analysis, resting on partial deriva-
tives approximated by finite differences (see e.g. [15]).
Operatively, a perturbation (say +10% of the interval between
conjectured upper and lower bound) is generated in one (say
p;) of the sought parameters and consequences are computed,
by test simulations, on representative measurable quantities
Llj.

(B) Each representative “pseudo-experimental” quantity u;
is computed by attributing first, lower (say p;) and, subse-
quently, upper bound (say p}) to parameter p; while all the
other parameters p; are kept at their “reference values”; the
difference between resulting values (say uj’. and u]/.’) should be
sufficiently larger than a homologous quantity representative
of the measurement uncertainty.

(V) After the above preparatory stages (which may include suit-
able preliminary treatment of the surface), a HD test is
performed as routinely. Displacements due to this test (or due
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Fig. 1. Cylindrical shape of the hole generated by standardized HD tests.

to each step of it, if “stepwise” designed) are measured and
digitalized by suitably located DIC instruments in pre-selected
points (which may coincide with FE mesh nodes).

(VI) After removal of the HD instrument, an indentation (IND) is
performed on the centre of the circular plane bottom surface
of the hole by a conical indenter. The portable instrumented
IND equipment provides, in digitalized form, “indentation
curves”, which numerically describe the penetration of the
tip as a function of the force imposed on the indenter. Simi-
lar procedures are described for usual IND tests, e.g. in [11].
Additional to such IND experimental data, displacement mea-
surements on the surface might be provided by DIC, again
through digital photos before and after the indentation.

(VII) On the basis of the experimental data achieved by the two
above outlined semi-destructive tests, inverse analyses are
carried out, possibly “in situ”, by means of pre-elaborated
software, in order to achieve reliable estimates of the sought
parameters. The resulting estimates quantify both the resid-
ual stress states and some meaningful mechanical properties
of the material. There may be interactions between HD test
and IND test: stresses to identify by the former might
influence the latter and, vice versa, material parameters to
identify by the latter (Young modulus primarily) influence
the former.

Parameter estimations, also in view of the above interactions,
are the subjects of Sections 5-7, after the preparatory procedures
in next Sections 3 and 4 according to stages (III) and (IV) outlined
in what precedes.

3. Mechanical modelling of both tests
3.1. Hole Drilling (HD) test

The problems tackled here in order to present and validate the
proposed method are formulated numerically in what follows. To
the drilled cylindrical hole the following data are attributed: depth
d=2mm, radius r=2mm (Fig. 1). Residual stresses are assumed
as two-dimensional in planes parallel to the surface of the tested
structure, with reference axes x; and x, on the surface (supposed
to be horizontal) and x3 oriented inside.

The following stepwise-constant depth-dependence (“non-
uniformity” in standard jargon) frequently assumed in practical
applications of HD technique, is considered here for preliminary
numerical checks of the proposed procedure:

d
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(1a)
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The stresses Xy, . . ., Xg are the parameters to identify. Accord-ing
to stages (I) and (IV) of the procedure outlined in Section 2,
conjectured “reference values” 3i(i=1,...9) and “search inter-
vals” A X;(centred on %) are presented in Table 1(a), all in MPa.

3.2. Indentation (IND) test

On mechanical properties of the material, the following assump-
tions are considered in view of the indentation tests: homogeneity
over the surrounding volume; isotropic elastoplasticity with
isotropic hardening described by the classical Huber-Hencky-von
Mises (HHM) model (e.g. [16]), namely in formulae:

o =De* 2)
P(o, eP) = @—a(sp)go, €p =/ gEP 1 &P 3)
&(gp) = },‘”EH<% + ep>H (4)
sp_a‘f’;\, A>0, ¢r=0 (5)

In the above classical formulae: E and v, in elasticity matrix D, are
the Young modulus and Poisson ratio, respectively, the lat-ter
supposed to be “a priori” known (here v = 0.3) in view of its
marginal influence on structural safety margins; ¢ is the yield
func-tion; ¢ represents the current yield stress, variable due to
isotropic hardening according to Eq. (4) where oy is the original
value and H the hardening coefficient; o, S, € € and €P are the
tensors of stresses, deviatoric stresses, elastic and plastic strains,
respectively; Eq. (5) expresses non-holonomy and associativity of
metal plastic-ity, beingh the plastic multiplier rate.

Conjectured reference values and search intervals here attributed
to the three sought parameters are specified in Table 1(b).

The indenter, assumed rigid in the present preliminary com-
putational checks, exhibits conical shape (Fig. 2a) with circular
cross section, angle o = 120° and spherically rounded tip with
radius

Fig. 3. The hole and two concentrical circles which define the area monitored by
DIC on the structural component surface. Dots mark the material “nodes” whose
displacements are employed in sensitivity analyses.

0.2 mm. Coulomb friction is “a priori” assumed with coefficient
f=0.15.

3.3. Domain around the hole

Fig. 3 shows the area where in plane displacements are here
supposed to be measured by two-dimensional DIC: internal radius
R = 2.5mm; external radius R” = 10.0 mm.

The finite elements (FE) three-dimensional discretization
adopted to the present purposes for modelling both HD and IND
exhibits the following features (Fig. 4): axial symmetry with respect
to the central vertical axis x3; cylindrical domain with radius
R=20mm and depth D=6 mm for FE simulations; boundary condi-
tions assumed as zero displacements on the lateral cylindrical and
bottom surface where “perturbations” due to both tests are sup-
posed to be negligible; zero loads on internal hole surface after
drilling and on the surface of the tested structural component;
displacement field discretization by FE with mesh visualized in Fig.
4 and including 32269 elements; the degrees-of-freedom num-ber
amounts to 109104; the code employed is the commercial FE

Table 1

“Reference values” and “conjectured intervals” of the parameters to identify: (a) residual stresses 5, i=1, ..., 9 [MPa]; (b) parameters in elastic-plastic HHM model.
(a)

1%t layer 2" Jayer 31 Jayer

E‘i_ 220 -220 65 100 -100 25 50 -50 15
AX; 80 80 30 50 50 30 30 30 30
(b)
E oy H AE Aoy AH
190000 MPa 600 MPa 0.08 40000 MPa 300 MPa 0.16




Table 2

Some representative sensitivities of measurable displacements generated by the HD test, in the presence of “

values” 5 gathered in Table 1(a).

non-uniform” residual stresses at their conjectured “reference

i =2.78 pm i, =1.44 pm i3 =2.78 pm

Suy Sit du, Sia dus Si3
P 3.03% 0.67 2.49% 0.55 0.53% 0.12
I 1.15% 0.12 1.09% 0.11 0.44% 0.04
o 0.55% 0.03 0.53% 0.03 0.30% 0.02
E —2.06% —-0.98 —2.06% —-0.98 —2.06% -0.98

code Abaqus, accounting for large-strains structural responses as
expected in the IND phases of the present applications [17].

4. Test simulations and sensitivity analyses

Modelling assumptions and numerical data gathered in the pre-
ceding Section 3 here below are employed for “direct analyses” as
orientative preliminaries to the “inverse analyses” dealt with in
Sections 5-7.

4.1. On HD tests

According to the present hypothesis of stepwise-constant non-
uniformity of residual stresses, Eq. (1), nine parameters X (with i =
1,...,9) are to identify. The “reference values” X~ ;in Table 1(a) are
attributed to the sought parameters and, subsequently, these values are
increased by & X; = 10 MPa as a perturbation performed on each
parameter, separately in a sequel. With such 9 different inputs in terms
of stress parameters, the consequent simulations are carried out by the
FE model formulated in Section 3.

The “pseudo-experimental” value u; resulting from each compu-
tation, if compared to that computed before perturbation, leads to
a quantification of the consequence on measurements (namely &
u;) due to the above specified perturbation. Clearly, the change in
pseudo-experimental measurement divided by the parameter
change causing it provides the usual “sensitivity” S; as finite differ-
ence approximation of the partial derivative [15], namely:

Suj ~ 3u]- _
— = = =5 (6)
3%, 09X

In order to check the identifiability of residual stress
parameters by the HD tests specified in Section 3, some
representative “sensi-tivities” among those formulated above are
gathered in Table 2 as follows.

The first column indicates the three (among the 9 listed in Table
1) parameters changed by a perturbation while all the other eight
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The row shows (in w m) the measurable modulus i; of each
displacement vector computed by test simulation in pointsj =1, 2,
3 (see Fig. 3) before the above specified perturbations of 8 X;= +10
MPa on stress parameters % . The consequences of such
perturbation on each X (i = 1, 4, 7) and on Young modulus E as
well, are gathered as percentage in the first column, while the
second one contains the sensitivities according to Eq. (6). Similar
numerical results concerning two other representative DIC
pseudo-
experimental data (i, us3) are collected in the other two columns
pairs.

It is meaningful to underline here the following limitations (to
be re-considered later) of the above “direct analyses”: linear elas-
ticity with known moduli has been assumed; plastic strains due to
stress changes caused by drilling were ruled out “a priori”.

4.2. On IND test

Now the IND test is considered with the input specified in Sec-
tion 3 and, preliminarily, with the hypothesis that residual stresses
can be disregarded, since they are substantially reduced by the
preceding HD test.

The IND test is simulated by means of the same FE model
employed for HD and now by means of the HHM elastoplastic
model, Egs. (2)-(5), calibrated with the “reference values” speci-
fied in Section 3.2. The resulting “pseudo-experimental” data are
gathered in Table 3 and the relevant indentation curves are shown
in Fig. 5.

The difference between up and down curve in Fig. 5 obviously
is caused by the plastic strains involved by the generated imprint.
On friction a Coulomb model is assumed with non-associativity (no
dilatancy) and with parameter f=0.15 (which might be considered
in practical applications as a parameter to identify, additional to
those in the elastic-plastic model).

Table 4 gathers numerical results similar to those in Table 2,
but now concerning sensitivity of representative experimental data
from IND tests, namely: maximal penetration V. In Table 4, top
row, V represents the value achieved by test simulations. Each row

(b)

Fig. 4. Domain and mesh for FE simulations of both HD and IND tests; the DIC monitored area is highlighted.



Table 3

Numerical “pseudo-experimental” data visualized in indentation curves of Fig. 5: v entering; v exit.
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Fig. 5. Results of IND test simulation: penetration v versus loading force F on the
indenter (v entering, v’ exit).

Table 4
Sensitivities of indenter penetration V by the IND test after HD test, in the absence
of residual stresses.

V=211.1 pm(211.9 um)

AV Siv
E -29 —0.156
oy -10.4 -0.175
H -3.8 —484.7

concerns sensitivities with respect to the HHM parameter
specified in the first column.

The IND test has been simulated also by inserting in the FE
model the residual stresses resulting from the preceding HD test.
The following numerical results have been achieved: V=211.9 pum,
u1 = 0.085 pm, uy = 0.029 wm, uz = 0.081 wm; with-out such “re-
residual stresses”: V=211.1 wm, it; = 0.086 pm, it = 0.029 pm, ii3
= 0.082 p m. Comparisons of the correspond-ing above results
evidence the acceptability of the hypothesis that there are no more
residual stresses when the IND test is performed after the HD test.
Such expected lack of sensitivity in practice evi-dences that DIC
measurements are superfluous in the IND stage of present HD +
IND method.

5. Inverse analysis procedures based on both hole drilling and
indentation tests

“Direct analysis” (namely tests simulation) provides the rela-
tionship u(p) between the vector of sought parameters p and
the vector u of measurable quantities. Experimental or, like here,
“pseudo-experimental” data u represent the input for inverse anal-
ysis, which here and in a vast literature (e.g. [18-21]) is formulated
as follows:

®min = Minw(p), pe 2 (7a)
P

o(p) = [ - u(p)]'C'[& - u(p)] (7b)

Matrix C is the “covariance matrix” which quantifies the inac-
curacies of the experimental data and through its inversion implies
more role to more accurate measurements. In this preliminary

study, without real-life tests, C is assumed as identity matrix and
the deterministic approach is adopted leading to the “estimates”
vectorp as solution of problem (7). The “search domain” 2 is based
on conjectures by “experts” as pointed out in Section 3.

To the present purposes the optimization problem Eq. (7) exhibit
two kinds of mathematical features, depending on the linearity or
nonlinearity of function u(p) as discussed in what follows.

(I) Linear elasticity can be reasonably attributed in present HD
practice to the relationship which connects the residual stresses to
their consequences in terms of measurable deformations u due to
drilling generating the hole. Inelastic strains are supposed not to
occur if residual stresses do not exceed 80% of the yield stress, as
for “thick” structural components [2]. According to the hypothesis
of stepwise-constant dependence of residual stresses on depth x3,
Eq. (1), linear is the dependence of measurable deformations on
the parameters to identify (Section 3). Therefore, function u(p) in
Eq.(7), p being now vector { X1, . . ., X}, can be formulated as:
u=Mp (8)

where matrix M can be computed once-for-all on the basis of
(known or conjectured) elastic moduli (E and v).

If the linear relation Eq. (8) holds, the solution p of optimiza-
tion problem (7) turns out to be achievable economically in the
following “closed-form”:

p=VM'da, where V=M'M)" 9)

(I) Since inelastic strains are produced by IND tests, the link
between sought parameters p and related measurable quanti-ties
u is nonlinear. For the calibration of elastic-plastic material
models, like the classical one described by Egs. (2)-(5), the dis-
crepancy minimization for parameters estimation, problem (7),
might exhibit lack of convexity in the objective functions and ill-
posedness in the formulation, particularly if choice and number of
experimental data are inadequate. For numerical applications in
practice the following methodologies provide at present
algorithms implemented in commercial codes: nonlinear
mathematical pro-gramming by Trust Region Algorithms (TRA);
Genetic Algorithms; Artificial Neural Networks.

The TRA implemented in code Matlab is adopted in this study
and outlined here below in 3 stages, without details or computa-
tional comparisons with possible alternatives in view of the vast
literature now available, e.g. [22,23].

(i) An initialization is performed by selecting an initial vector pg
of parameters within the “search domain” conjectured by an
expert. At each step starting from p; first-order derivatives of
the function w(p), Eq. (7b), are computed at p; by (here
forward) finite-difference and are employed for the approx-
imation at p; of the Hessian matrix of w(p) by means of its
gradient and its Jacobian matrix. Thus, the objective function
(7b) is approximated as a quadratic function of the increments
Apj as variables, with linearity in increments only and under
inequality constraints included in the material model.

(i) The approximated minimization problem formulated at stage
(i) turns out to be a quadratic programming problem in the
increments Ap; as constrained variables, to be solved by a tra-
ditional algorithm of nonlinear programming implemented in
the TRA software [24]. The resulting solution A "p;quantifies the



step and the point p;,; = p; + Ap;; starting from this point the
two above stages are performed again as subsequent step.

(iii) At the end of each step the objective function is assessed as
different from zero by a quantity compatible with computa-
tional and algorithmic approximations. If these checks are not
reliable another initialization is selected and the above proce-
dure is repeated, also in order to possibly avoid convergence of
the step sequence to a local minimum instead to the absolute
minimum.

6. Computational procedures for structural diagnosis by
correlated HD and IND tests

The experimental data provided by HD+IND tests can be
exploited for estimation of both stresses and elastic-plastic prop-
erties according to the procedure outlined in what follows.

(A) Inverse analysis is performed based on the experimental data
from IND test (indentation curve only, no DIC measurements
in view of sensitivity analyses in Section 4), by assuming that
there are no residual stresses (assumption motivated by other
sensitivity analysis in Section 4).

(B) The material parameters estimates generated by the preced-
ing (A) inverse analysis, (Young modulus E alone in the present
validation exercise) are input into the FE model adopted for
simulations of HD tests. Such simulations consist of modelling
the consequences, in terms of DIC measurable displacements,
of stresses governed by parameters X as loads on the hole
cylindrical surface. Solution of discrepancy function minimi-
zation consists now of stresses opposite in sign to the residual
stresses existing there before the drilling operatlon Matrlx M

in Eq. (8) is generated and estimates (here {21, . 2‘79 =p)
of the parameters governing stresses (here through Eq. (1)) are
achieved according to Eq. (9). If Young modulus alone is trans-
ferred from the IND stage, matrix M may be merely scaled with
respect to the reference value.

The interactions between HD stage and IND stage might be
in diverse applications not as weak as exhibited by the present
example. In view of such prospect the following further com-
putational steps are proposed here and numerically performed
in Section 7.

(C) The stress parameters identified in the above stage (B) gov-
ern a stress field over the whole domain (with zero stress on
the hole surface) which is now inserted into the FE model. The
inverse analysis concerning the results from test IND is carried
out again as stage (C).

(D) After same transition like the one from (A) to (B). by using up-
dated modulus E in matrix M, inverse analysis based on the
same test HD results is carried out.

It is reasonably expected that the above iterative sequence con-
verges rapidly to estimates of the sought parameters, both of stress
state and elastoplasticity.

7. Computational example of the HD + IND inverse analysis
procedure

The first numerical exercise for validation of the proposed diag-
nostic procedure concerns the estimation of parameters E, oy, H in
HHM model, Egs. (2)-(5), by backanalysis based as input on the
pseudo-experimental measurements (“direct analysis”) by
instrumented indenter. These data are computed through IND test
simulation by FEM as described in Sections 3 and 4. By neglecting
any possible “re-residual stresses” after the preceding HD test, the
algorithm TRA is applied twice with two different initializations.
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Fig. 6. Step sequence of a TRA application to backanalysis of IND test.

One TRA step sequence is visualized in Fig. 6; it implied 20 steps
with an end criterion of 10~° for variation of discrepancy function
or 0.002 for variations of normalized parameters. The computing
time turned out to be 160 min by a computer with the following
features: Intel® Core™ i7-2600 CPU @ 3.4 GHz, with 16 GB of RAM.

With same criterion but different initialization (namely
E=95000 MPa, oy =300 MPa, H = 0.08) steps turned out to be 14 and
computing time 120 min.

A check of computational accuracy can be derived by compar-
ing the estimates provided by the backanalysis to the parameters
values employed as input of the test simulation leading to the
pseudo-experimental data: such differences turn out to be less than
1%.

The number of displacement components measurable by DIC
(two-dimensional) in nodes of preselected grid around the hole
(Fig. 4) amounts to 1760. Clearly, at growing distance from the
hole axis, displacements due to drilling decreases. Therefore, the
num-ber of DIC measurements to be employed for backanalysis
can be reduced with decrease of matrix M size. However, such
decrease does not influence the computing time in the present
inverse anal-ysis procedure. The Young modulus estimate E =
191710 MPa is now fed into the formulation of the 1760 x 9 matrix
M, Eq. (9), and hence of matrix V of order 9, Eq. (9), linearly leading
to the estimates (vector 5 1) of the 9 parameters Egovernmg the
sought residual stress state.

Matrix V is generated (computing time 9 minutes) once-for-all
for any estimation of residual stresses interpreted as plane states
uniform in each of three pre—selected layers (Section 3).

The estimates Z‘ )jprowded by E )]m the present
example are gathered in Tabie and turn outqto almost coincide
with the “reference values” of Table 1, namely with the values
assumed as the actual “exact” once for the generation (in Section
3) of the “pseudo-experimental” input for the HD inverse analysis.
As expected, from the sensitivity analyses in Section 4, stages (C)
and (D) turn out to be redundant here and also in most rou-tine
practical applications of this diagnostic procedure on structural
components of frequent kind as for materials and service.

8. Closing remarks

The research results presented in what precedes lead to the
following conclusions.

(i) The “quasi-non-destructive” hole drilling (HD) and indenta-
tion (IND) experiments can be combined and carried out in
the same location for structural diagnosis of metallic compo-
nents. Such novel procedure obviously gives rise to much less



Table 5
Backanalysis estimates of the parameters governing the residual stress model [MPa].

15t layer 2nd Jayer 31d |ayer

i‘] 2‘2 2‘3 2‘4 2‘5 i‘6 i‘7 is i‘9

222 222 66 101 -101 25 51 -50 15
“damages” than those frequently generated by HD test for References

residual stress estimation and separately by “small punch”
tests for material models calibration, both standardized sep-
arately at present.

(ii) Parameters which govern residual stresses and elastic—plastic
material behaviour can be identified by fast non-stochastic
inverse analyses based on experimental data provided by a HD
test first and by IND test second, with a common FE model
and with fast convergence as for the interactions between the
two estimations of parameters. As intuitively expected in most
practical applications and here corroborated by computational
exercises, the influences on IND of residual stresses after HD
are negligible. Therefore, inverse analysis on IND measure-
ments is done first and provides the estimated Young modulus
necessary for the inverse analysis based on the HD test with
stress parameters only as unknowns to identify.

(iii) The whole diagnostic procedure can be carried out “in situ”
(no laboratory) in a fast and economical fashion by portable
instruments, namely: drilling device, instrumented indenter,
digital image correlation cameras (instead of traditional strain
gauges), small computer with pre-elaborated software.

The above results are here only computationally corroborated
by preliminary examples with some simplifications and special-
izations, such as the assumption (frequent in present practice) of
piece-wise constant variation along the hole depth of the residual
stresses to estimate.

Extensions to more general stress and material models, to
possible inelastic deformations in HD tests, and to stochastic
approaches are desirable developments and current research
purposes.

A remarkable limitation of the present study arises from the
geometry of the hole with diameter larger than depth. Such feature,
necessary for indentation on the hole bottom surface, is frequently
adopted in present practice of metallic components diagnosis. For
different hole geometries, a diverse HD + IND technique with inden-
tation at the hole edge on the surface is a subject of current
investigation.
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