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Experimental characterisation in sheet forming processes by
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bstract

In this paper, an experimental micro-hardness procedure is proposed to evaluate the evolution of HSLA steel behaviour during each sequence
f sheet forming process. As micro-hardness technique offers a reliable inspection, it was retained here to follow the mechanical characteristic
hanges, which may happen during manufacturing progress. This contribution consists in characterisation of sheet material at different steps:
irgin sheet, unreeled sheet, straightened sheet and bent sheet. Measurement performed on virgin HSLA steel showed that material is highly
eterogeneous within the sheet thickness. The micro-hardness profiles examined after the bobbing-off step showed a high sensitivity of sheet
ehaviour to straightening operation that is widely adopted in steel working in order to make sheet sufficiently flat for forming. A level of hardening

atio between virgin material and straightened material has been clearly observed. Moreover, micro-hardness is investigated on bent parts at the fold
one for displaying the mechanical properties modifications under a large gradient deformation. In this way, hardening phenomenon and damage
henomenon, which are generally activated simultaneously for elastoplastic steel, are quantified accurately. Results compared into them gave a
ood idea about the interaction of process–material during manufacturing.

2006 Published by Elsevier B.V.
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. Introduction

Sheet metal forming industry has become one of the
ajor manufacturing centres of the automobile industry. The

opularity of sheet metal products is attributable to their light
eight and their higher formability.
Sheet working consists in a more complex plane straining

rocess, designed with high ratio of thickness reductions
nvolving a considerable amount of texture evolution as

entioned by Tang and Tai [1].
Diversity of sheet metal manufacturing sequences as

obbing, bobbing-off, straightening and bending, as shown
n Fig. 1, leads to a level and progressive change of material
haracteristics.

At several time, mechanical and environmental conditions of
orming are considered among the main causes that induce a

ecrease in steel strength designed with microstructure changes
uring forming cycle [2].

∗ Corresponding author.
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In pioneering studies [3–7], the main investigation of material
trength, resistance to thinning, damage and ability of material
o forming are extensively performed for one material state or
or separate steps.

Indentation micro-hardness testing at low loads is a well-
ccepted tool for assessing various mechanical properties such
s flow stress, fracture stress, Young’s modulus and fracture
oughness of rolled material [8]. Thus, a proposed method for

easuring micro-hardness is used to follow the properties vari-
tion with the evolving of manufacturing sequences of 0.09%
SLA sheet metal carbon steel. Curves deduced from the mea-

ured values within the sheet thickness are discussed for all
onsidered steps of the forming processes.

. Rolling process

.1. Rolling cycle

The rolling process consists of several successive steps as

hown in Fig. 2, which govern the final state of matrix material.
he level of thickness reduction leads to a high-hardened metal
y introducing an important change to the crystallographic
exture [9].

mailto:ali.mkaddem@angers.ensam.fr
dx.doi.org/10.1016/j.jmatprotec.2006.04.006
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Fig. 1. Main sequences for
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Fig. 2. Main steps for sheet rolling processes.

In the general manufacturing practice, the holding temper-
ture of the slab must be enough high to make once again the
recipitations, formed at the end of coiling, in the austenitic solu-
ion. It must be controlled accurately in order to lead to good

aterial properties.
At the end of hot rolling step, the temperature would also be

dapted precisely to make certain the successful precipitation
f as small a grain size as possible. During this sequence, it
ust be assured that the used temperature cannot conduce to a

eterogeneous microstructure.
After rolling, the sheet is cooled by soaking, and then bobbed.

he grain size of material microstructure depends strongly on
he adopted cooling speed. The grain size is as small as the
ooling speed is high.

The bobbing step has a specific influence on the final mechan-
cal and microstructure characteristics of rolled steels. The
obbing temperature consists in an own thermal treatment of
eheating the sheet. It has a particular effect on grain size and
recipitates that can be developed during process progression
10,11]. The distribution of matrix material contents is firstly a

unction of present elements quantities in the HSLA steel and
econdly it is a function of the rolling conditions, which play
reat actions in microstructure evolution during each step of the
olling cycle.

o
t
e
o

Fig. 3. (a) Reference sheet and (b) based m
manufacturing cycle.

.2. Reference material

Generally, rolled materials are delivered in bobbin form.
efore bobbing, the matrix material is considered “virgin”. This

tate of sheet would be considered the reference metal. It was
ept from the inner extremity of the bobbin that is sufficiently
at as can be seen in Fig. 3a. Reference sheet allows for quan-

ifying the microstructure hardening for the following state of
traightening and bending.

The thermo-mechanical rolling control process leads to a
mall grain size that provides high mechanical characteristics
ssociated with a high formability. Fig. 3b shows the microstruc-
ure of the 0.09% C sheet steel. Ferrite grains for the considered

aterial are generally smaller than 10 �m and preferred ori-
ntation caused by rolling are clearly marked. The previous
laboration steps, essentially, govern these final properties of
icrostructure.

. Behaviour characterisation

.1. Virgin sheet

.1.1. Micro-hardness test
During the rolling step, when the final temperature is reached,

he precipitates density increases rapidly and firstly close to the
heet surfaces where cooling rate is the highest. Consequently,
rain development stops and a sufficiently small grain size
ould be obtained. Moreover, the microstructure characteristics

re not homogeneous within the sheet thickness on HSLA steel.
The difference of microstructure specificities induces
bligatory changes in the subsequent mechanical behaviour
hrough the thickness as a consequence of granular gradi-
nt. Micro-hardness that is performed from inner surface to
uter surface of the considered steel with 200 g load, offers

atrix material for HSLA rolled steel.
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3.2. Straightened sheet

After rolling, the sheet metal is bobbed. During this operation,
the microstructure undergoes some mechanical modifications
Fig. 4. Micro-hardness evolution within the virgin sheet thickness.

recisions to understand the material behaviour of the virgin
icrostructure.
A specimen has been taken from the reference zone (Fig. 3)

here material is considered with less deformation. Then, it was
oated and polished to improve accuracy of measurement. Later,
everal indentation tests were carried in the cutting plan where
he surface is polished.

Fig. 4 shows that the relative micro-hardness (values
ttributed to the mean value 〈Hv〉) is not uniform within the
heet thickness. In particular, highest values are located close to
urfaces where grain is smaller. Hardening ratio seems to be low
n the neutral zone where precipitates are generally developed
elatedly compared to near surface zones. The micro-hardness
volution confirms the great importance of an accurate adjust-
ent of temperature for holding step, rolling step and cooling

tep.
The difference between the relative values in neutral zone

nd surfaces reaches 8%, whereas there is no clear variation
etween the two surfaces of the sheet. Micro-hardness measure-
ent performed on virgin microstructure would be considered

s the reference behaviour of the sheet before any large defor-
ation. In a practical way, micro-hardness characterisation must

erve to identify the material behaviour progress with the sub-
equent manufacturing sequences.

.1.2. Mean width X-ray test
Typical analysis has been carried out on the virgin sheet by

ean X-ray diffraction technique.
The measured values of the mean width X-ray peaks which

esign the variation in terms of plastic strain in the matrix mate-
ial are plotted within the thickness from inside surface to the
utside surface of the sheet as given in Fig. 5.

It is worth noting that mean width distribution is inhomoge-
eous which confirms once again the results obtained by micro-
ardness measurement. This typical evolution indicates that the

ifferent steps of elaboration process have a direct effect on
he following material behaviour and induce a marked deviation
etween surfaces and neutral zone designed by the hardening
atio variation within the thickness. F
ig. 5. Mean width X-ray diffraction evolution within the virgin sheet thickness.

High values of mean width, as has been noted by the micro-
ardness investigation, are located at the surfaces of the sheet.
he curve shows minima for an angle of 1.27◦. There is no

epresentative difference between the states of the two surfaces.

.1.3. Correlation results
The typical distribution of micro-hardness and mean width

nvestigated in the sheet thickness lets us to think of an evident
ased-experimental relation that can lead proportionally to pre-
ict micro-hardness values from the mean width X-ray peaks
easurement for a fixed indention loads. In this way, a simple

ombination between Figs. 4 and 5 indicates that a linear relation
an be found for the considered steel.

As expected in Fig. 6, there is a marked fitness of the measured
alues to the linear law that is, essentially, based on the fact that
ickers number and X-ray measured values have a relatively
igh fluctuation.
ig. 6. Variation in relative Vickers micro-hardness with the mean width X-ray.
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Fig. 8. Relative micro-hardness results obtained for straightened sheet.
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Fig. 7. Principal of roller levelling for straightening process.

uch as the introduction of residual stress. To produce high
uality parts, the bobbin must be bobbed-off and straightened.
oller levelling is a method widely used in steel working in order

o straighten steel plates after rolling, heat treatment or cooling
perations.

Roller levelling is carried out by subjecting the plate or bobbin
o multiple back and forth bending sequences with decreasing
oll penetration as shown in Fig. 7. It is a complex process and
ew details are known about the plate material behaviour mod-
fications during this process. The sheet is exposed to reversed
ending effect during straightening and the strains in the sheet
re controlled by the device geometry of the levelling machine.
his means that the sheet is subjected to reversed strain con-

rolled cyclic loading.
This operation consists in applying a variable pressure to

he sheet by acting different rollers in the machine. It is essen-
ial for steel manufacturing that, after straightening [12], the
heet would be sufficiently flat with required roughness and low
esidual stresses level which can increase the forming success
f parts by using any subsequent processing step. Compulsorily,
aterial undergoes plastic deformation during the straightening

equence which causes an amount of hardening ratio within the
heet designed by a micro-hardness level observed specially at
urfaces.

Several micro-hardness tests have been performed on
traightened sheets with different combinations of roller pen-
tration. From the three pre-existing rollers, only the position of
he first one will be changed. The positions of the second and
hird rollers are kept constant.

In the industrial practice, the highest penetration is neces-
arily performed on the first roller which is placed behind the
obbin, whereas the less penetration is performed on the roller
ollowing the second one or the third one. The considered mate-
ial is of 4 mm thickness. The roller position will be designed by
he triple combination [t, t, t] when there is no penetration. For

ifferent penetrations a, b and c, respectively, for the first, the
econd and the third rollers, the roller position will be designed
y the combination [t − a, t − b, t − c]. The three investigated
ombinations are reported in Table 1.

able 1
ifferent straightening adjustment for characterisation

Roller 1 (mm) Roller 2 (mm) Roller 3 (mm) Combination

irst adjustment 0 3 4 [034]
econd adjustment 1 3 4 [134]
hird adjustment 2 3 4 [234]
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Table 2
Bending parameters used for the investigated part

P Stro

4 29

t
i

o
s
i

e
I
e
m

m
w
h
w
d
s
t
s

b
c
w
p

m
i
t
s
h
i
v
p
o
r
m
l
t
f
h
t
o
i

d
d
t
T
r

t
S
e
z
h
h
s

3

r
h

e
h
g

t
z

m
g
z
t
c
o
T
m

t
2

The treatment of measurement data leads to micro-hardness
profiles of virgin, straightened and bent sheets plotted in Fig. 9.

It is found from the plotted data that the micro-hardness law
is also non-linear for the bent specimen. The deviation of values
unch radius (mm) Die radius (mm) Blank-holder radius (mm)

4 4

The measurement results are designed by the curves illus-
rated in Fig. 8, with virgin micro-hardness profile for each
nvestigated case.

With comparison between virgin state and straightened state
f sheet, variation of mechanical properties of the considered
teel, resulting from the straightening sequence, can be clearly
dentified.

Referring to Fig. 8, it can be noted in all cases that straight-
ned material becomes more hardened than the reference one.
n addition, the behaviour seems to keep a similar non-linear
volution within the sheet thickness as it has been observed for
icro-hardness evolution performed on virgin sheet.
In the three cases, microstructure modifications seem to be

ore localised near the surface than in middle zone of thickness
hen the measured relative values are less. In particular, the
ighest hardening ratio has been measured at the outer surface,
hich undergoes a positive stress field at bobbing sequence. The
ifference of micro-hardness level between the two sides of the
heet can be attributed to the superposition of plastic deforma-
ions in the external zones of the bobbin during bobbing and
traightening operations.

In an aforementioned work [13], it has been laid down that the
obbin’s outer side is more sensitive to micro-hardness quantifi-
ation than the inner zone, that residual stress field is not similar
ithin the sheet thickness and that it depends greatly on the
revious manufacturing steps.

At this stage, the sheet is subjected to a low plastic defor-
ation but it is sufficient to identify the only hardening level

nduced during straightening sequence. As can be seen in Fig. 8,
he hardening level especially at the outer zone of the sheet is not
imilar for the three investigated cases. Referring to the micro-
ardness profile, which is carried out in the reference material,
t can be noted that the degree of hardening designed by the
ariation of Vickers micro-hardness values is as marked as roller
enetration is high. This observation is associated with the effect
f the plastic strain quantity that is induced in the matrix mate-
ial and which depends directly on the roller penetration. When
aterial flow occurs, a local shearing process is activated which

eads to a fast amount of dislocation number. A high level of crys-
allographic texture density designs this phenomenon, which is
ollowed by a local hardening process into grains and leads to a
ighly strengthened matrix material. The high crystallographic
exture density of matrix material causes a relative local motion
f shearing plans to which the variation of micro-hardness values
n the middle thickness zone is attributed.

In detail, 1% hardening level has been computed for 0.5 mm
epth, whereas the hardening level reaches 4.5% for 4.5 mm

epth, respectively, for inner side and outer side of the sheet in
he more severe straightening case of [034] roller combination.
he variation between inner side and the middle thickness zone

emains relatively constant referring to the virgin state of sheet. F
ke (mm) Clearance (mm) Thickness (mm) Bending angle (◦)

0 4 90

Straightening conditions would have a direct effect on
he mechanical behaviour during the following forming step.
trengthening caused by the roller levelling increases the prop-
rties gap between the middle thickness zone and closed surface
ones of the sheet. The straightening process would lead to a
omogeneous distribution of residual stress but the introduced
ardening level would modify the material formability for the
ubsequent sheet processing sequences.

.3. Bent sheet

During bending, material undergoes an important straining
atio, especially in the fold zone, which is characterised by the
ardening phenomenon [14].

Depending on the process parameters, plastic strain in the
nclave of fold zone can take a severe gradient leading to a
igh level of hardening ratio and damage that is designed by
eneration and development of micro-defects [15].

In an aforementioned investigation, Kurt [16] has deduced
hat micro-hardness is higher in the outer zone than in the inner
one of part’s fold.

In this investigation, HSLA sheet steel parts have been bent by
eans of wiping die-bending process. Vickers number is investi-

ated particularly in the fold zone of parts from the compression
one to the tensile zone. Tests are performed in such a way that
he inner sheet surface corresponds to the inner fold zone where
ompressive hydrostatic stress state is applied. In this case, the
uter sheet surface would correspond to the tension fibres zone.
he main bending parameters used for the investigated speci-
ens are reported in Table 2.
The influence of the bending operation has been analyzed

hrough the micro-hardness testing profiles measured by using
00 g-indention load.
ig. 9. Relative micro-hardness profiles for virgin, straightened and bent sheets.
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4.2. Identification of micro-hardness law

Knowledge of material behaviour is necessary for our exper-
imental strategy. The micro-hardness law for virgin material
A. Mkaddem et al. / Journal of Materi

etween the neutral zone and the closed surface zones becomes
ore marked with bending. Certainly, during this operation the

nduced plastic deformation is higher than the one developed
y the roller levelling machine during straightening step. The
icrostructure seems to be more sensitive to the bending oper-

tion than to the straightening one.
In particular it can be expected that the relative Vickers num-

er is now more important in the inner zone than in the outer zone
f the bent specimen. This observation is based on the fact that
aterial undergoes compression hydrostatic stress in the inner
bres, which leads to stopping of the generation and develop-
ent of micro-defects. In fact, the hardening level increases in

he inner fold zone.
Referring to the virgin sheet, the relative micro-hardness has

n increase of about 10% and 10.5%, respectively, in the tension
old zone and in the compression fold zone. On the other hand, it
an be noted that microstructure changes designed by the micro-
ardness value are negligibly small in the neutral zone.

Micro-hardness testing technique shows that it is sufficiently
eliable to follow the material behaviour with the progress
f manufacturing sequences. If the hardening ratio is directly
esigned by the micro-hardness amount within the sheet, the
amage development that is directly affected by plastic strain
volution might be investigated only intuitively.

In order to go into more detail, a new approach for damage
nvestigation is proposed in this paper.

. Damage characterisation

.1. Theoretical formulation

It was experimentally shown and theoretically found in sev-
ral previous contributions [15–18] that the micro-hardness Hv
or steel metal evolves linearly with the flow stress σeq in such
manner that:

v = kσeq (1)

here k is a material dependent constant. The equivalent stress
an be written as:

eq = σy + R(εPl) (2)

here σy is the yield stress and R = f(εPl) is the hardening law of
onsidered steel. In the case of damaged material, Eq. (1) would
e written as:

Hv

1 − D
= k

σeq

1 − D
(3)

here D designs a scalar damage variable. In fact, Eq. (3) can
e rewritten in the following way:

∗
v = kσ̃eq (4)
∗
v (εPl) defines the measured micro-hardness for the virgin
aterial and σ̃eq is the effective equivalent stress. H∗

v (εPl) is an
xtrapolation law of micro-hardness that represents the undam-
ged material behaviour.

F
s

ocessing Technology 180 (2006) 1–8

For a power law, the hardening evolution would be written
s:

= QR(εPl)
nR (5)

llowing that the micro-hardness is linearly proportional to the
ardening law, the following relation can be deduced:

∗
v = QH(εPl)

nH (6)

here QR and QH are, respectively, the hardening and the micro-
ardness modulus. nR and nH are, respectively, the hardening
nd the micro-hardness components that must be equal if the
inearity between H∗

v and R is admitted. For the subsequent
evelopment, it would be retained that nR = nH = n.

Tensile test conduces easily to identify n and QR. Micro-
ardness tests lead to finding the Hv-law for damaged material.
n addition, admitting that for a so small plastic strain εPl

0 , dam-
ge and hardening are so negligible that the following relation
an be verified:

H(εPl
0 )

n = a · QR(εPl
0 )

n
(7)

nd then,

H = a · QR (8)

here a is a dependent material constant deduced from measured
alues, so that the micro-hardness law for undamaged material
esigned by H∗

v is found. The difference between H∗
v and the

easured value Hv is then a measure of the damage D.
ig. 10. (a). Micro-hardness law of damaged and virgin sheets and (b) specimen
hapes before and after failure by tensile test.
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annot be found without the identification of the hardening
arameters QR and nR. For this reason, uniaxial tensile test has
een performed on the considered material.

Before carrying out tensile tests, references have been drawn
t the surfaces of specimens among the standard tensile length.
he cross-sections have been measured at references before and
fter failure. The variation of thickness reduction consists in a
easure of plastic strain in each position among the standard

ensile length at the end of tensile test.
Micro-hardness tests have been conduced, by using Vickers

ndenter, according to the tensile direction, on transverse surface
esigned by (N, L) as shown in Fig. 10b. Measurements have to
tart at the less plastic strain region S0 and finish at failure zone
m where plastic strain is maximal. The field indentation data
Hv) deduced from tests have been plotted in Fig. 10a. Then, the
xtrapolation micro-hardness law (H∗

v ), representing the virgin
ehaviour of material, was found thanks to hardening parameters
dentified previously by tensile test.

.3. Identification of damage law

This approach has been retained in this investigation to char-
cterise the damage law parameters for the considered HSLA
teel. The measurements are carried out on specimen of the vir-
in material previously subjected to tensile test. Following the
ork of Mkaddem et al. [13], the damage values are deduced

rom the based micro-hardness approach and they are computed
s follows:

H = 1 − Hv

H∗
v

(9)

he damage values calculated by means of Eq. (9) are plotted
gainst plastic strain in Fig. 11a. A linear regression method
s retained to investigate the based experiment damage results.
s can be clearly observed, damage starts at 0.05 plastic strain
alue that designs the threshold point εD and then increases
inearly with the plastic strain. The critical damage value DR is
dentified at 0.21 for an associated plastic strain value of 0.36 at
hich failure of specimen occurs.
In order to confirm the reliability of the micro-hardness test-

ng approach to characterise the constants damage law, several
onsecutive loading–unloading tensile tests are performed for
he considered steel. The used tests specimen has been equipped
y strain gauges adapted for large deformation. Three consec-
tive gauges have been bonded in each surface of specimen
llowing reaching total failure. The measured load by using
oad cell leads to computation of the suitable stress value for
ach measure of plastic strain.

The Young’s modulus changes designed by the elastic slope
or each cycle of loading and unloading consists in the damage
easured through the Lemaitre and Chaboche [19] formulation

s follows:
E = 1 − E

E0
(10)

here DE is the scalar damage quantity and E and E0 are, respec-
ively, the Young’s modulus for damaged material and virgin

t
a
o
H

ig. 11. Damage law deduced by: (a) micro-hardness approach and (b) tensile
est procedure.

aterial. The linear regression of measured values leads to the
lot of Fig. 11b. Then, it can be deduced that the threshold point
s εD = 0; the critical point at which failure occurs is designed
y εR = 0.34 and DR = 0.206.

It is essential to note that agreement is very good between
esults obtained by both approaches. In fact, damage evolves
inearly and constants are very similar. From a practical point
f view, micro-hardness testing procedure seems to be simpler
o carry out than loading–unloading tests. Besides, the proposed

icro-hardness method is much less costly than the successive
ensile tests.

In fact, micro-hardness characterisation showed that this
echnique is enough reliable to quantify rapidly the microstruc-
ure changes with the manufacturing sequences progress and to
dentify accurately the constants of material.

. Conclusions and discussion

A comprehensive and accurate characterisation of material
ehaviour evolution is crucial for the forming of manufactur-
ng parts, which are widely used in automotive and aeronau-

ics industries. The micro-hardness measurement consists in an
ccurate inspection technique allowing for the characterisation
f forming operations. In case of forming small or medium
SLA steel parts, the sheet metal undergoes cooling, bobbing,
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Table 3
Hardening level (%) for straightened and bent sheet

Zones/steps Straightening operation Bending operation

[034] [134] [234] [034]

Inner zone (0.5 mm) 0.8 0.0 0.0 10.5
Outer zone (3.5 mm) 3.9 2.6 1.9 10.0

Table 4
Lemaitre damage parameters identified by experiment

Methods/parameters εD εR DR Slopes (HG)

L
M

b
o
r
I
s
c
f
q

f
m
w
b
s
a

r
f
t
h
c
a
m
t

A

f

R

[

[

[

[

[

[

[

[

[18] G. Arnold, O. Hubert, R. Billardon, Identification of continuum damage
oading–unloading tests 0.0 0.34 0.206 0.60
icro-hardness tests 0.05 0.36 0.212 0.68

obbing-off, straightening and successive blanking and bending
perations. Each of them induces modifications in matrix mate-
ial, which affect the mechanical behaviour of the final products.
n this contribution, it has been shown that micro-hardness mea-
urements are a preferment technique, which can be used for the
haracterisation of the material hardening in the virgin sheet and
or following the hardening progress resulting from the subse-
uent steps of straightening and bending process.

The experimental tests of micro-hardness carried out in dif-
erent states of material seem to be so reliable to design the local
icrostructure changes, as has been found by the measurement
ithin the thickness. In addition, the proposed method seems to
e able to quantify accurately these changes even if they are so
mall. The hardening level introduced during straightening step
nd bending step is reported in Table 3.

The suitable comprehension and characterisation of mate-
ial damage that can highly affect the material behaviour during
orming and during the working life of a product is essential for
he success of each manufacturing operation. The new micro-
ardness procedure developed here has successfully led to the
haracterisation of Lemaitre damage parameters. From Table 4,
greement between damage constants identified by the proposed
ethod and by loading–unloading tests shows the reliability of

he micro-hardness procedure.
cknowledgement

Authors are sincerely grateful to the Deville S.A. Company
or their technical support.

[

ocessing Technology 180 (2006) 1–8

eferences

[1] C.Y. Tang, W.H. Tai, Material damage and forming limits of textured sheet
metals, J. Mater. Process. Technol. 99 (2000) 135–140.

[2] L.M. Kachanov, Introduction to Continuum Damage Mechanics, Mechan-
ics of Elastic Stability, Kluwer Academic Publishers, USA, 1986.

[3] D.W.A. Rees, A tensor function for the R-value of sheet metal, Appl. Math.
Model. 21 (1997) 579–590.

[4] D.W.A. Rees, Pole instability theory for ellipsoidal bulging of rolled sheet,
J. Mater. Process. Technol. 92–93 (1999) 508–517.

[5] G. Zamfirova, A. Dimitrova, Some methodological contributions to the
Vickers microhardness technique, Polym. Test. 19 (2000) 533–542.

[6] H. Yordanov, L. Minkova, Micro hardness and thermal stability of compat-
ibilized LDPE/PA6 blends, Eur. Polym. J. 39 (2003) 2423–2432.

[7] C. Berdin, M.J. Dong, C. Prioul, Local approach of damage and fracture
toughness for nodular cast iron, Eng. Fract. Mech. 68 (2001) 1107–1117.

[8] D. Ye, Z. Wang, An approach to investigate pre-nucleation fatigue dam-
age of cyclically loaded metals using Vickers micro hardness tests, Int. J.
Fatigue 23 (2001) 85–91.

[9] A. Constant, G. Henry, J.C. Charbonnier, Principes de Base des Traitements
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Sci. 12 (1987) 601–604.
model from micro hardness measurements, Prediction Defects Mater. Pro-
cess. 5 (2002) 10–21.

19] J. Lemaitre, J.L. Chaboche, Endommagement, Mécanique des matériaux
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