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Abstract

This research describes a nondestructive method for the quantitative estimation of property variations due to
damage in metal materials. The method employs a damage mechanics model, which accounts for stiffness degradation
and damage evolution of a metal medium with a measurement of ultrasonic velocity. In order to describe the pro-
gressive deterioration of materials prior to the initiation of macrocracks, we have developed a new damage mechanics
model. Thereafter, a finite element model valid for numerically describing such damage process has been developed by
ABAQUS/Standard code, and correlations between damage state, elastic stiffness and plastic strain could be found by
the results of the finite element simulation. The property variations due to damage evolution are calculated based on the
Mori-Tanaka theory, and then the ultrasonic velocity can be predicted by Christoffel’s equation. When the measured
velocity is coupled with the theoretically predicted velocity, the unknown damage variable is solved, from which other
residual properties are determined by the predictions of damage model. The proposed technique is performed on type
304 stainless steel bars. The numerical results obtained by the simulation were compared with experimental ones in
order to verify the validity of the proposed finite element model and good agreement was found. It is shown that the
damaged properties of metals can be estimated accurately by the proposed method.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Microvoids and microcracks may arise in the course of metal production, and further loading will en-
large and coalesce these microdefects. Experimental results show that such a kind of damage can cause the
degradation of stiffness, strength, and working life of engineering materials. In order to describe the gradual
or progressive deterioration of mechanical properties and to predict the final failure, many researchers have
devoted themselves to the development of a damage mechanics model.

Kachanov (1958) has been considered the pioneer of continuum damage mechanics (CDM) since he
published the first paper on a field variable  called continuity. About 15 years later the concept of the
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damage variable D = 1 —y was proposed on the basis of thermodynamics: 0 <D< 1 (0 for the original
state and 1 for failure). During these 15 years, the concept of effective stress was introduced by Rabotnov
(1968) for the uniaxial load and extended to the general case by Lemaitre (1971) and Chaboche (1979).
Based on the damage variable and the concept of effective stress, constitutive equations of evolution were
developed to predict the initiation of macrocracks for practical applications. In the 1980s, damage theory
was developed more rigorously based upon thermodynamics and micromechanics, and was begun to apply
to engineering. Leckie and Hayhurst (1974) and Hult (1974) used the theory to solve creep problems. While
Truesdell and Noll (1965), Jaunzemis (1967), Malvern (1969), and Maugin (1992) worked out a systematic
formulation of inelastic constitutive equations by the irreversible thermodynamics theory, Krajcinovic and
Lemaitre (1987), Lemaitre and Chaboche (1990), and Lemaitre (1985, 1992), successfully applied this ap-
proach to problems of damage.

Nondestructive testing (NDT) methods play an important role in the physical characterization of en-
gineering materials and in the assessment of their quality and serviceability in structures. In a wide range of
different NDT methods, ultrasonic velocity approaches have been used extensively to evaluate the density
and the elastic constants of metals and alloys. When an ultrasonic wave propagates in a material, the
magnitude of the velocity is related to the density and the stiffness of the material. Since material properties
depend on damage, correlations can be established between ultrasonic velocity and damage, such that
ultrasonic velocity methods can be utilized to monitor the damage evolution of materials. Nagarajan (1971)
and Panakkal et al. (1984) found linear correlations between these quantities for polycrystalline alumina
and sintered fuel pellets, respectively. Gruber et al. (1988) combined ultrasonic velocity measurements and
micromechanics model to estimate the local property variation in porous ceramics. Jeong and Hsu (1996)
proposed a method by means of composite micromechanics and ultrasonic velocity to quantitatively es-
timate material properties of porous ceramics. Augereau et al. (1999) demonstrated the ability of acoustic
signature technique to detect in a nondestructive way mechanical property variations due to the damage of
the internal material structure for 304L steel samples. They asserted that this technique provided velocity
measurement with an accuracy to 1%o.

The aim of the present work is to propose a nondestructive, quantitative, and mechanics-based damage
evaluation technique. This technique combines the nondestructive ultrasonic pulse-echo method with a
damage mechanics model. By measuring the ultrasonic L-wave velocity of the damaged sample and
comparing with the theoretically calculated velocity value, we can obtain the current damage value and
residual mechanical properties from the finite element simulation. To achieve our purpose, we construct a
new damage model, defining a physically meaningful damage variable and accounting for the damage
effects on mechanical properties using the homogenization method. Then we develop a finite element model
valid for numerically describing this damage model. By using Christoffel’s equation, we correlate the
ultrasonic testing method with the damage mechanics model. The proposed damage characterization
technique has been successfully applied to type 304 stainless steel specimens strain-damaged by uniaxial
tension.

2. Analysis procedure

Fig. 1 illustrates the schematic diagram of the approach used. The key factor of this technique is the
gradual degradation in the elastic stiffness as a result of damage growth, since it connects the prediction of
the damage mechanics model with nondestructive testing results. Fig. 2 shows the concept of damaged
elasticity. To give an example, Young’s modulus of the original stainless steel 304 samples is about 200
GPa. When the undamaged samples are loaded to the plastic regime, the induced damage will lower
Young’s modulus to 180 GPa or even smaller. Because the elastic ultrasonic wave propagates in the me-
dium depending on the elastic constants, the lower the elastic constants of the medium, the slower the
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ultrasonic wave velocity becomes. In order to describe the progressive deterioration of materials prior to the
initiation of macrocracks, we developed a damage model. First, we defined a physically meaningful damage
parameter as volume fraction of microvoids in a unit cell. As a result, the influence of damage on elasticity
could be estimated using a micromechanical homogenization method. Secondly, we established an elas-
toplastic damage model, which adopted the yield function of mildly voided metals as proposed by Gurson
(1977), to describe the deformation and damage evolution processes of ductile materials. Subsequently, a
finite element model which adopted this damage model was constructed by ABAQUS/Standard code, and
correlations between the damage state, elastic stiffness, and plastic strain could be found from the results of
finite element simulation. In order to verify the proposed damage model, we performed tensile testing on
type 304 stainless steel specimens to measure the residual Young’s moduli of the strain-damage samples and
compared the numerical results with the experimental values. Furthermore, we adopted Christoffel’s
equation to correlate the elastic constants with the ultrasonic velocity of longitudinal wave (L-wave). Then,
we chose ultrasonic pulse-echo method to evaluate L-wave velocities of stainless samples under certain
loading. Since the correlations between damage value, plastic deformation, residual stiffness and reduced L-
wave velocity were established from the finite element results, by coupling the ultrasonic testing results with
the predictions of the elastoplastic damage model, we could nondestructively and quantitatively evaluate
the metal damage.
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3. Elastoplastic damage model

This study aims at establishing an elastoplastic damage model. The metal damage appears in the form of
microvoids. Before the derivation of theoretical equations, the characteristics of the voids are assumed to be
of the same size, sphere-shaped, isotropic, and randomly distributed. Accordingly, the overall mechanical
properties will be isotropic. A complete elastoplastic damage model involves seven components: (1) damage
variable; (2) effective elastic constants; (3) constitutive law of elastic deformation; (4) yield criterion; (5)
constitutive law of plastic deformation; (6) damage evolution law; and (7) failure criterion. Details of each
component are described in the following sections.

3.1. Damage variable

Fig. 3 shows a unit cell with spherical voids. Let ¥ be the volume of the unit cell and ¥, the overall

volume of voids. The damage variable D is defined as the volume fraction of voids as follows:
Ve
D=—. 1
7 (1)

In case the volume of voids equals zero, i.e., D = 0, we have a perfect material.
3.2. Constitutive law of elastic deformation

Generalized Hooke’s law was adopted to describe the linearly elastic deformation of metals. To take the
damage state into account, we modified the original stiffness tensor C;;; into the damaged stiffness tensor

Ciui(D). For an isotropic material, the stress—strain relation of elastic deformation is given by
_ _ 2
0 = Cijkl(D)gz[ = 2G8; + (K — §G> ‘Szkéijv (2)
where G, K are effective shear modulus and effective bulk modulus, respectively. They both depend on the
damage variable and can be estimated using the homogenization methods. Details will be described in the
next section.

3.3. Effective elastic constants: Mori—Tanaka method

By using the Mori-Tanaka method (1973), G and K can be expressed as functions of damage variable,

_ 15(1 — vo) — 3(1 = vo)
G=Gol- (7= 5v9) +2D(4 — 51>O)D}’ K=K {1 ~2(1 —2u) +D(1 + UO)D 3)
14
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Fig. 3. Unit cell with spherical voids.
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where G, and K, are the shear modulus and bulk modulus of perfect materials, respectively. Fig. 4 illus-
trates how elastic constants decrease with the damage variable.

3.4. Constitutive law of plastic deformation

For a metal containing a dilute concentration of voids, Gurson (1977) proposed a formula based on a
rigid-plastic upper bound solution for spherically symmetric deformations of a spherical void in a deformed
solid. This criterion combines the effects of both the deviatoric part and the hydrostatic component, and is
represented as follows:

_ 2
= (‘) 20, cosh (22 ) — (14047 @

y y

where 6 = 4 /%sfjsij is von Mises equivalent stress, gy is the yield stress of the matrix, oy is hydrostatic stress,

f is the volume fraction of the voids in the material. Tvergaard (1981) introduced three constants ¢, ¢,, and

g5 to make the predictions of the Gurson model agree with numerical studies of “ordered” voided materials

in plane strain tensile fields; one can recover the original Gurson model by setting ¢; = ¢» = ¢; = 1.
Using the associated flow law, the plastic strain rate is expressed as

i =i 99 /ip<1 09 5, 42 00 ) ()

= p| 320y T Az 228
v "0 300y ' 26 05"

where /ip is the plasticity associated multiplier and s;; is the deviatoric stress tensor.

3.5. Damage evolution law

The damage increment consists of the growth of existing voids and the nucleation of new cavities. The
growth of existing voids is formulated based on the conservation law of mass and is expressed as

Dgrowth = (1 - D)Sik, (6)

where the dummy index implies the summation convention. From the above equation we can deduce that
the damage increases under positive mean plastic strain state.

The nucleation of voids can occur due to the microcracking and decohesion of the particle-matrix in-
terface. According to the model proposed by Chu and Needleman (1980), the evolution of nucleated voids
is given with the relation to the effective plastic flow of the matrix:
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Dnucleation = AEKI:-N (7)
where
/ (e —a)
n €n — &n
A= exp | —= [ = . 8
SpV 2T P 2 ( Sn > ®)

The nucleation function 4/f; is assumed to have a normal distribution, where 4 is the coeflicient and f,
is the volume fraction of void nucleating particles. The normal distribution of the nucleation strain has a
mean value ¢, and a standard deviation s,. Voids are nucleated only in tension. The mechanism of void
nucleation, therefore, will not be considered as long as materials are in the compressive stress state.

3.6. Failure criterion

The term failure is defined as the initiation of the first macrocrack. According to Lemaitre’s suggestion,
the material failure can be specified when the damage variable D reaches a critical value D.. The value of D,
of any kind of material must be acquired by a series of careful experiments. Brown and Embury (1973)
suggested that the critical damage be 0.15, while Tvergaard and Needleman (1984) suggested that the
critical damage range from 0.15 to 0.25 for ductile materials.

4. Correlation between ultrasonic velocity and stiffness

According to Christoffel’s equation, the correlation between the ultrasonic velocity of L-wave and the
elastic constants is expressed as

A+ 2u 3K +4G
L = = ) (9)
p 3p

where /, y are Lamé’s constants, K is bulk modulus, G is shear modulus, and p is the density of the material.
The relation between damage value and the degraded L-wave velocity is illustrated in Fig. 4 (triangular
symbols). In the viewpoint of theoretical modeling, the reduction in the L-wave velocity is smaller than that
in the elastic constants. Although the variation in the L-wave velocity is less significant, the decreasing trend
is quite obvious. On the other hand, as pointed out in the literatures (Birks et al., 1991; Augereau et al.,
1999), the ultrasonic velocity method is well known for its high accuracy. Even a slight change in ultrasonic
velocity can represent mechanical property variations of materials with accuracy.

5. Materials and experiments

This section describes the material and experimental aspects. In order to verify the applicability of the
proposed technique, two methods are used to detect the damage state, with one being destructive and the
other nondestructive. The former refers to the measurement of the elastic modulus, while the latter refers to
that of the ultrasonic wave speed.

5.1. Specimen preparation

The material consisted of commercially available stainless steel 304 bars. The originally cylindrical bars
were machined to the profile suggested by ASTM E 8. Fig. 5(a) shows the shape and size of the tensile
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Fig. 5. (a) Specimen geometry, (b) finite element mesh.

specimen. In order to eliminate residual stress resulting from cold working, all bars were annealed for 1 h at
1100 °C.

5.2. Uniaxial tension tests

Uniaxial tensile tests were performed on a universal testing machine at the speed of 0.05 mm/s. The true
axial stress—strain curves are presented in Fig. 6. The curve can be best fitted by using a power-law equation

o = k. (10)

The main mechanical properties of 304 stainless steel bars are listed in Table 1. These are the necessary
data for use in the finite element simulation.

After the fundamental mechanical properties were obtained from the uniaxial tension test, the residual
elastic constants of the strain-damaged specimens were measured. Owing to the influence of damage on
elasticity, Young’s moduli of the damaged specimens are lower than that of the original material. In order to
investigate the trend of the degradation in elastic constants, a series of tension tests with different strokes
were performed. Every loading stroke was exerted on an individual tensile specimen. Next, all specimens
were unloaded and the damaged Young’s moduli were measured one by one by using strain gauges. The
results of the degraded Young’s moduli (normalized by the initial Young’s modulus) against different values
of the equivalent strain are shown in Fig. 9 (triangular symbols) and will be further discussed in Section 6.2.1.

5.3. Measurement of ultrasonic velocity

In order to nondestructively evaluate the damage state and compare with the results obtained from
the damage mechanics model, the ultrasound velocities in the loaded 304 stainless steel specimens were
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Table 1

Mechanical properties of 304 stainless steel
E*(GPa) W 0,°(MPa) K¢ (MPa) nd
200 0.29 205 1207 0.43

*Young’s modulus.

®Poisson ratio.

“Yield stress.

dParameters of the power law (10).

measured in the axial direction using a pulse-echo method. We prepared the ultrasonic testing samples by
cutting off one part of thickness d from each loaded specimen and polishing the surface. Thereafter, we
measured the ultrasound velocities of the cut and polished samples.

Because our goal is to develop an engineering applicable approach, we employ the portable 4-scan
equipment to inspect the prepared samples. The measurements were made with a broadband ultrasonic
pulse, and the data were obtained in the time domain (Fig. 7). A straight beam contact transducer of 10
MHz center frequencies was used. The radiofrequency waveforms of various pulses were captured and

M~ 3.145

amplitude :

time(ps)

Fig. 7. Time domain chart of ultrasonic pulses.
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stored in an oscilloscope, and the time-of flight difference for calculating the velocity was measured by a
peak detection method. Time-of-flight measurements were made with the aid of two time gates that defined
the boundaries of the time domain area of interest. To reduce the effect of ultrasonic noise, only signals
above a preset threshold were measured. The time-of-flight difference Az was obtained by calculating the
time difference between two consecutive back surface echoes. The 304 stainless steel sample was assumed to
be nondispersive over the frequency range used. The ultrasonic velocity was then given by V = 2d/A¢,
where d is the sample thickness. The results of the ultrasonic L-wave velocities against different values of the
equivalent strain are shown in Fig. 10 (square symbols) and will be further discussed in Section 6.2.2.

6. Finite element simulations
6.1. Finite element model

The commercial finite element program ABAQUS/Standard was adopted to model and simulate the
tensile deformation process of stainless steel 304 bars. ABAQUS was developed by Hibbitt, Karlsson and
Sorensen (HKS), Inc. This program was developed on the basis of implicit integration method; therefore,
Newton’s iteration process was needed.

Because the tensile bars are round in shape, a quarter model with axisymmetric elements was con-
structed. The finite element mesh is shown in Fig. 5(b), in which a symmetric boundary condition is defined
on the r-axis and z-axis is the axisymmetric axis.

The fundamental mechanical properties, including the initial elastic constants and the plastic parameters,
for use in the simulation are given in Table 1. Because the elastic constants change depending on the
damage variable, we introduced the concept of field variable to deal with their variation. In ABAQUS, we
defined the field variable as the damage variable and employed the “USDFLD” option to implement the
degradation of the elastic constants discussed in Section 3. The user subroutine “USDFLD” was originally
empty. We wrote the stiffness degradation law (Eq. (3)) in the subroutine. The procedure of the simulation
that joins the user subroutine is illustrated in Fig. 8. At the beginning of every time increment, ABAQUS
acquired the field variable via the user subroutine USDFLD. The values of the field variable defined in this

Start

| Create afinite element model |

| |
' - Main program— Define damage | |
: I’:‘\if;'};nn? > simuationot |K=> Uf ng subroutine :
| deformation procesy USDFLD |
| |
| | i
: Check if the simulation |
| no is terminated |
| |
| |

Fig. 8. The flow chart of the computational process of ABAQUS.
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routine were used to calculate the values of material properties that were defined based on the field variable.
After the material properties at each integration point were ascertained, ABAQUS started the calculation
of that time increment.

The plastic deformation and the damage evolutional process defined in Section 3 were computed in the
main program of the finite element model. ABAQUS offered an inelastic material model, which was based
on Gurson’s porous metal plasticity theory (Gurson, 1977) with void nucleation, to model materials with a
dilute concentration of voids in which the relative density was greater than 0.9. This model defined the
inelastic flow of the porous metal on the basis of a potential function that characterized the porosity in
terms of a single state variable, the relative density. The Tvergaard parameters ¢, g,, and ¢g; were specified
directly by the user on the data line of the “POROUS METAL PLASTICITY” option. For typical metals
the ranges of the parameters reported in the literature are g; = 1.0-1.5, ¢, = 1.0, and g3 = 1.0-2.25 (HKS
2001). The original Gurson model is recovered when ¢; = ¢, = g3 = 1.0. Because the original material was
assumed to be undamaged, the initial void volume fraction was assigned to zero.

The damage evolves via the growth of existing voids and the nucleation of new voids. The porous metal
plasticity model in ABAQUS computed the void growth automatically. The void nucleation was assumed
to be strain-controlled (see Section 3.5). As described by Saje et al. (1982), the plastic strain controlled
nucleation was described by the volume fraction f;, = 0.04 of void nucleating particles, the mean strain for
nucleation ¢, = 0.3, and the standard deviation s, = 0.1 in Eq. (8).

6.2. Results

6.2.1. Elastic constants

The degraded elastic constants due to damage evolution could be calculated by the following two steps.
First, we obtained the damage values against the true axial strains from the finite element results. There-
after, Eq. (3) was adopted to calculate the degraded elastic constants. Once the residual bulk modulus and
shear modulus were determined, Young’s modulus £ could be calculated by the relation:

9KG
= . 11
3K+G (1)

The solid line in Fig. 9 represents the normalized residual Young’s moduli calculated by the aforementioned
method as a function of the true axial strain.

Both numerical and experimental data show that Young’s moduli decrease with the increase in the
applied axial strain and stiffness reduction begins early in the deformation process. As depicted in Fig. 9,
the agreement of the calculated values with the experimental results is quite good (the maximum difference
is about 1.3%). It is shown that the finite element model can represent the actual material behavior with
confident precision. Both the calculated and experimental values at the axial strain ¢ = 0.43 show about a
10% reduction in Young’s modulus. The finite element results indicate that further loading will lower the
stiffness continuously.

Meanwhile, the damage value of each damaged tensile specimen could be computed by coupling the
measured Young’s modulus with Egs. (3) and (11). The damage values obtained from the measured
Young’s moduli are shown in Fig. 11. By coupling Fig. 9 with Fig. 11, we can deduce that the characteristic
of the damage evolution process dominates the decreasing feature of residual stiffness.

6.2.2. Ultrasonic velocities

After the residual elastic constants were determined by the finite element simulation, we utilized Eq. (9)
to calculate the L-wave velocity of the strain-damaged materials. Fig. 10 shows the L-wave velocities as a
function of the true axial strain. The solid line represents the predicted values of L-wave velocities by finite
element simulation, and the square symbols are the experimental values. The simulated and measured
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velocities of the original specimen are 5723.7 and 5724 m/s, respectively. Both predicted and experimental
results show that L-wave velocities decrease with the axial strain. Although the variation in the ultrasonic
velocity is not as significant as that in Young’s modulus, the decreasing trend is quite obvious. Both the
calculated and experimental values at axial strain ¢ = 0.46 show about a 3.5% reduction in L-wave velocity.

As depicted in Fig. 10, the experimental results deviate from the computed ones slightly. This may be
caused by the preparation of the ultrasonic samples, which were made by cutting from the tensile specimens
and surface polishing (see Section 5.3). The extra machining induced a slight change of the damage state,
which could not be predicted by the finite element model. The effect of the extra machining is less significant
in larger deformation.

6.2.3. Comparison

The damage values of the loaded specimen can be obtained from the finite element simulation, the
measurement of residual Young’s moduli, and the measurement of the reduced L-wave velocities. The
damage evolutional process is described in Fig. 11. The results of the finite element simulation agree with
those obtained from both the tensile tests and the ultrasonic tests. From the finite element results shown in
Fig. 11, the damage increases rapidly in the early stage of the deformation; however, the increase in the
damage becomes slower as the axial strain exceeds about 0.45. By coupling Fig. 11 with Figs. 9 and 10, it
can be concluded that the increasing feature of the damage variable affects directly the evolving trends of
the elastic constants and the L-wave velocities.

From the above analysis, we prove that the proposed elastoplastic damage model can precisely represent
the processes of the deformation and damage evolution of metals, and predict the reductions in the elastic
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constants and the L-wave velocities as a function of the damage variable. Therefore, ultrasonic pulse-echo
method is suitable for the nondestructive evaluation of metal damage.

6.3. Discussion

The above procedure illustrates a novel nondestructive method for quantitative evaluation of metal
damage. As shown in Fig. 12, for any newly received material, one needs to begin with tension tests to
acquire the mechanical properties for use in the finite element model. If the mechanical properties and the
flow stress—strain data are readily available, this step can be skipped. Based on the finite element results, we
can create a table of the correlations between the damage variable, plastic deformation, residual stiffness,
and the NDT parameter (defined as the reduction rate of L-wave velocity, Av/v,). With this table or chart,
the proposed approach can be adopted to other applications, be it structural or during a metal forming
process. By just employing the ultrasonic pulse-echo method to estimate the L-wave velocity of the dam-
aged material and consulting the aforementioned damage table, we can obtain the current damage value,
from which other residual mechanical properties can be ascertained.

7. Conclusions
By correlating the ultrasonic pulse-echo method to the proposed elastoplastic damage model, we have

successfully established a novel nondestructive damage assessment technique. From the results shown
above, we can draw the following conclusions:
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(1) We propose a new concept of micromechanics based damage model. Only one scalar damage variable is
needed, and the mechanical behavior of damaged materials is estimated with the help of Mori-Tanaka
method.

(2) By adopting the finite element method with the proposed damage model, processes of deformation and
damage evolution are precisely predicted, from which the reductions in elastic constants and L-wave
velocities can be predicted.

(3) Since the correlations between the damage value, plastic strain, residual mechanical properties and
NDT parameter can be established by the finite element model, we just employ the ultrasonic pulse-
echo method to estimate the L-wave velocity of the damaged material and can obtain the current dam-
age state by means of the previously developed data bank.

(4) The proposed nondestructive damage evaluation technique can be extended to a scanning configuration
to map out local damage in the metal forming process.
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