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ABSTRACT
—_—

Tensile tests of thin-flat specimens of polycrystalline steel have
been carried out at the vicinity of their ultimate tensile strength to
determine the strain and stress distribution at the neighborhood of the
neck,

The experimental analysis was restricted to the study of the first
stoge of a ductile fracture i.e. the study of the instability in balance
between geometric and strain-hardening factors at the vicinity of the
maximum tensile load with the subsequent initiation and formation of the
neck.

Mechanical interference of crossed gratings photoprinted on the sur-
fuce of thin-flat specimens, and similar reference gratings yielded the
- components of displacements along the principal directions of the speci-
~ @ens at the plastic domain of deformation.

Interference of a line grating superimposed on the specimen and
 obliquely illuminated and viewed, and its shadow on the matt reflective

. surfuace of the specimen allowed the evsluztion of the thickness variation
&% the neighborhood of the neck. The combination of the two methods gave
the state of deformation over a large guge area at various infinitesimal
~ loading steps before and after the maxinum tensile load and it proved to
_be very sensitive to strain variation.

The experimental study revealed important features of the phenomenon
of instability of stresses and strains proceding the initiation of neck,
a8 well as the subsequent appearance, evolution and stabilization of the
~ position and size of the necked area.

I BN PRODUCTION

The ideal fracture strength as detesrmined from the atomic bond
atrength cen be obtained only in especially prepared specimens, while
ordinary samples usually fracture at much lower stresses. The reduction
of fracture strength in brittle materisls may be attributed to creation
~ and development of cracks, which act as stress concentrators, while in
the case of ductile materials plastic deformation occuring to some region
of the solid enables the cross section of this area to diminish locally
by its non uniform distribution.

(.)Professor and Assistant, National Technical University, Athens (147),
Greece.
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A ductile frscture of & tension specimen involves three successive
events. The necking of the Specimen, the formation of a small crack by
accugulation of cavities at the necked region, &and the final break of the
Specimen.’ ?he cavity, when becomes large enough, Spreads fairly rapidly
in a transverse direction at the interior of the specimen, occuping a laxe
portion of the necked region. In the third stege the crack expands to

t?e boundary following a direction inclined to about 45 deg. to the ten-
8ion axis,

While several theoretical and experimental studies exist, which are
Telated to the two final stages of fracture, the first stage, which is by
far the most important and the longest, has been given less attention.

Koerber and Siebel(l) studied for the first tige the mode of fracture
of wide tension Specimens. They attributed the oblique necking of their
Specimens to g simultaneous gliding on the two systems of slip plunes.

Bijlaard(z) and separately Nadai(B) Presented theories analyzing the
mode of deformation contribution to the development of the oblique neck-
ing and determined an angle of necking of the order of 35 deg. Their ana-
lysis was based on the deformation theory and on a loading function which
followed the energy of distortion criterion. They accepted that a state
of plane stress prevailed at the vicinity of necking and assumed that
necking of the Specimen appeared when the ultimate load was applied to
the specimen. The necking was considered as a stationary phenomenon with
the component of strain parallel to the edges of the neck vanishing.

Thomas, in a series of pupers(4), derived the same results and angles,
a8 in the previous studies, without introducing assumptions extraneous to
the basic equations of the theory. The theories advanced by Thomas con-
cerned the processes of yielding in slip bands, but since the processes
of yielding and breaking are closely linked in many forms of fracture,
tpese results were extended to the case of necking of flat bars under ten-
sion.

The well known studies by Bridgman(s) were confined to determine the
stress and strain distribution across the neck in cylindrical and flat

introducing approximate relationships for the components of strains which,
based on experimentsal evidence, simplified considerably the analysis,

Throughout the previously described work the instability phenomenon
of local yielding and necking was treated as a quasi-static equilibrium
phenomenon, related to the ultimate tensile strength of the sample because
it was assumed that necking appears when this load is reached. Thus, the
general dyneamic conditions of equilibrium were reduced to simple relations
with the speed of Propagation of necking assumed equal to zero. Moreover
Hencky's stress-strain relations, which were used by most of the studies
did not allow for redistributions of the components of strains with even-
tual negative increments due to elastic recovery in regions far from the
woving strain fronts producing the necking.

Hill(e) studied the permissible discontinuities of stress velocity
and surface slope in a plastic-rigid plate satisfying any type of plastic
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potentisl snd yield function. It has been shown that one such disconti-
nulty of velocity may be taken as an idealization of localized neck of
4he thin sheet.

In a recent review paper by Low(7)the microstructural aspects of
duntils fracture were discussed. It was shown in & series of recent in-
¥satigations by Plateau et al(¥), Puttick(9), Cottrell(10) and Rogers(11)
thut the ductile fracture resulted from rupture by void formation in the
haavily deformed region at the tip of an advancing ductile crack. But,
#hile the experimental evidence from the studies by Cottrell, Puttick,
Viateau et al, was convincing that foreign psrticles and inclusions are
# gommon nucleating site for cavities, Rogers observed that cavities may
e nucleated in regions severely deformed, but without any indication of
#xistence of inclusions. Moreover Beevers and Honeycomb(12) found no
#vidence of cavity formation in a series of experiments with high purity
#iluginum, They concluded that severe slip bands produced cracks, which
yesulted in failure.

All these studies were related primarily to the second and final

. Btugee of crack formation and rupture of the specimens.

This paper deals with the mechanism of plastic instability of tension

~ Bpecimens leading to the initiation and consequent formation of the neck-
_ing. Thin-flat specimens made of a steel alloy were tested in pure ten-
~_ #ion up to their necking. Crossed gratings photoprinted on their surfaces
 ylelded, by mechanical interference with similar reference gratings, the
~ @somponents of displacements along the principal axes. Successive infini-
tesimal steps before necking gave all the necessary data for the complete

#valuation of the strain components at each loading step. The experimen#-

8l analysis allowed the complete study of the phenomenon of necking.

II. BASIC RELATIONS

. The analysis of the experimental results was based on the increment-
4l theory of plastic deformation and the Prandtl-Reuss stress-strain re-
istions were adopted. This was implied by the nature of the problem,
where negative strain increments were enticipated in the vicinity of the
neck, due to partial elastic Tecovery in these regions.

Introduction of the Hencky stress-strain relations, although it
c¢ould make the analysis less formidable, should not be applied to the
problem since there was not a unique correspondence between stresses and
total strains.

Prandtl-Reuss relations, expressing the plastic increments of strain
dtpij in terma of the deviatoric components of stress 8ijy &re given by

the relation

P
de 13 = 33 4 (1)

where dA is a scalar factor of proportionality.Prandtl-Reuss relations
(1) combined with Mises' yield function give the following relation
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38,.de
dcp = .L_ (2)

ij -
J 3 cH'
where H' is the slope of the effective stress o versus plastic
strain curve.

Since we are concerned with the strain and stress distribution at
the vicinity of the neck it is reasonable to neglect the elastic compo-
nents of strains and to accept plastic incompressibility. Indeed, for
the material used in the tests (U.S. Steel T 1) it was shown(13) that

the value of the lateral contraction ratio reaches 0.5 in earlier stages

of plastic deformation.

Then, the stress-strain relations used in calculations may be writ-

ten as follows:

(ay +az)] y dypyz = EdMyz

B
N |-

dspy = daA [ay - (ox + cz)] ’ dypzx = 3das (3)

N N o

p = - p =
de”, = dA [cz (ox + ay)] , dy 3z 5dxtxy
For the flat parts of the surface of the specimens, as well as for
the bottom lines of the necks, theg Z—component of stress normal to the

surface vanishes,

Relations (3), solved in terms of the stress-components for 9o 0,

yield the following equations:

—2_(0q¢P p o i
°y = Bdl(ch ¥ #ds x) tzx 3dA dy zX
2 P P 1 ..p
ox 5d1(2d2 5 wan y) vz = 34 dy yz (4)
=0 = . 2 ERED
%z “xy 3dA & xy
The coefficient of proportionality dA is given by the relation (2)
that is
aa=1 4o (5)
H o

The values of this coefficient m&y be determined for each point of the
specimen and each loading step from the effective stress (G)-effective
strain (g) curve of the material.

For the complete solution of the strain-and stress - distribution
at the vicinity of the neck the load was raised to a step where the
limit of uniform strain distribution is slightly exceeded at the whole

8age area of each specimen. This could be readily checked by observing
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_the shape of the moiré fringes produced.

Then, a process of a succession of infinitesimal increments of load
#68 sdopted, in order to follow the variation of the strain-and stress-
d4istribution during the initiation and formation of the neck.

Five loading steps will be discussed in the following analysis. The
two first steps corresponded to loadings antecedent the maximum load.
The third step was referred to the ultimate tensile strength, while the
two last steps were related to the evolution and stabilization of the
position of the neck.

I1I. EXPERIMENTAL PROCEDURE

The specimens tested in this investigation consisted of thin sheets
of a low-carbon high-yield-strength alloy steel under commercial designa-
_%ion U.S.S. T 1'. The chemical composition of the material was as fol-
~lowss C 0.15, Mn 0.79, P 0.015, S 0.016, Si 0.24, Cr 0.52, Ni 0.88, Cu
0424, Mo 0.46, V 0.05, B 0.003%. The metalliv sheets were water quenched
from 1650/1750° F and tempered at 1150/1275° F. This type of steel alloy
Was chosen because it presents a reduced work hardening, which helps con-
#iderably the formation of neck. Moreover, previous experience showed
_that the fine grained metallic sheets of this alloy did not present an
_#ppreciable anisotropy at several divections (less than 3%).

The specimens were cut as longitudinal samples from larger and thick-
or plates and were machined to a uniform thickness of 4 mm. The width
of the plate at mid-length was 90 mm. and a small taper of an angle of 2
deg. to the longitudinal axis was given in both directions in order to
‘produce & minimum section at the mid-length of the specimen (Pig. 4).

The two tapered parts of each longitudinal boundary were joined with
#n arc of circle of a radius of 270 mn. In this way the small fillet
~ produced, while it assured a minimum section where the neck was forced
%o appear, it did not produce any stress concentration. The length of
the specimens was taken equal to 700 nm.

The last layer of each flat surface of a thickness of 0425 mm was
removed by slow grinding with a well lubricated porous wheel in order to
avoid any increase of temperature. The longitudinal axis of the speci-
mens was colInciding with the rolling direction of the plates. One sur-
 face of each specimen and the part corresponding to the gage area had a
ground finish taken down to "0000"™ erery paper and it was polished after-
wards with diamond paste. Thus, the surface was made free from pits,
acratches or other imperfections.

Great care was taken in aligning the specimen in the grips of the
testing machine. The alignment was checked by loading each specimen at
the vicinity of the yield point and observing the emerging moiré fringes
from the one extremity of the gage area to be parellel lines. This prov-
ed to be a very sensitive way of checking the alignment.

The testing machine used was a 100 ton Amsler hydraulic testing ma-
chine having a capacity considerably larger than that of the specimen.
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Therefore, the effects of inertia of the weighing mechenism,as well as
the elasticity of the different parts of the testing machine on the
shape of the stress-strain curves were very small. Crosshead speads
were kept constant all over each test and very low, interrupted by con-
stant load intervals for taking photographs at each louding step. The
deformation speed was controlled by the speed of emergence of the moi-
ré fringes.

The testing machine was fitted with axial loading shackles espe-
cially designed to assure alignment of the applied load by allowing
free rotation in three mutually perpendicul ar directions in both shack-
les, Self-alignment was obtained through arrangements of thrust bea-
rings and ball Joints in each shackle.

The moiré method was used for the measurement of the components
of displacements along the principal axes of the specimen. A model
grating was reproduced on the ground surface of the specimen by using
the photoprinting method. The model grating was an orthogonally cros-
sed grating of a density of 20 lines per mm. in both directions., To this
grating a reference line grating was superimposed twice successively in
the two principal directions. The density of the reference grating was
the same as the w=odel grating in its underformed state. Since we were
interested to large plastic strains at the vicinity of the neck the two
identical gratings before loading gave dense petterns after loading the
specimen.

The mechanical interference of the deformed model grating and the
reference grating gave moiré fringes which measured the displacement
components along both principal directions of the specimen. Figs. 1
(a & b) show the displacement fields in both directions as they were
depicted by the moiré fringes before the initiation of the neck, Pigs
2 (a & b) present the moiré patterns in the fifth step of loading where
the neck is already formated.

In order to measure the thickness variation at the vicinity of the
neck and to check the results of the analysis the shadow moiré method
was applied(14). For this purpose a reference line grating of a densi-
ty of 16 lines per mm. (different from the density of the model grating
to avoid any mechanical interference between the two gratings) was
placed to ride on the high points of the necked specimen. The combina-
tion of the grating and the matt reflecting surface of the specimen
was illuminated by collimated white light under a certain angle of
incidence.

The reference grating and its shadow intertfered and produced a
moiré pattern, which yielded the thickness deformation arising from the
Poisson effect. Fig. 3 shows the moiré pattern produced by this method
at the vicinity of the neck.

IV. RESULTS
Five characteristic loading steps were chosen from the series of

incremental steps done during each test. The two first steps corres-
ponded to applied loads inferior than the maximum load and to steps of
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deformation prior then the deformation corresponding to the ultimate
#trength. The third step corresponded to the maximum load and the sub-
#9quent two steps were related to the appearance and the evolution of
th‘ necke.

The determination of the strain-and stress-components was executed
in fourteen transverse and longitudinal sections on the surface of the
specimens for each loading step. The various sections are presented in
Pig. 2. In cases where the strain-and stress-distribution were of a
#imilar shape in the two halves of the specimen the values of these com-
ponents at the upper half appeared in the discussion of results,

a) Strains: The longitudinel & -and the transverse ¢ -
strains are depicted in Figs 5 to 8. In thege figures the strain-‘dis-
tribution is presented for the five successive loading-steps and along
four sections parallel to the minimum section xo—xo of the specimens.,

It is clear from these diegrems that the ¢ -strain distribution is

~ basicelly similar to the €y-strain distribution’ The curves of the

and y-strains are convex downward at the middle of the x4-x, section
for loads preceding the maximum load Ppax. This distribution degenerates

~_progressively to the inverse distribution with withdrawal from the mini-

sus section. The same conclusion may be deduced from Fig.9, where the
curves of equal ¢y-strain distribution appear for the three first steps
of loading.

The ¢ _-strains are continuously increasing with increasing applied
load. For steps beyond Ppaxa further increase of the strain-components
appears in the region of the necks, while a decrease of strains occurs

‘,"in regions remote from necks. The strain decrease starts from the in-

terior of the specimen, while an increase of strains is still manifested

@t the bound aries. Further decrease of the external load influence the
- x-atrain digtribution at the boundaries, which then follow the decrease

ey-strains at the interior. The maximum decrease is limited to the
olaaiic component of deformation. It is clear from Fig. 8 that the maxi-
mum of strains happens along the longitudinal axis passing through the
point of the crossing of the necks.

For loads preceding or equal to Pmu increase of the ¢_- and e x-

strains at the vicinity of the minimum section and close to the free
boundaries results in a strain-distribution which appears to be locally
concave to the neutral axis. Local protrusions in the strain-distribu-
tion appear at the vicinity of the boundaries, which move as moderate
strain-waves from the free boundaries to the interior. Simultaneously,
they increase in value following the increase of the external load. The
non-uniform strain distribution across any transverse section becomes
more severe for the maximum load Pmax and increases further for the sub-
sequent steps of loading. The tops of the moving strain-protrusions end
to the severe local raisings of Figs. 5 to 7 for the final steps which
correspond to the already visible necks.

It may be concluded from the above analysis that this occurence,
which predicts the initiation of the necks and the subsequent fracture,
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appears long before the applied load reaches its maximum value.

Another important observation is that the neck first appears in
places different from its final position and it moves progressively to-
ward its final position with the evolution of the applied load.

Fig. 9 shows the €,-strain distribution on the surface in three cha-
racteristic loading steps. The evolution of the phenomenon is followed
during the interval when a longitudinal strain of the order of 70 x 10-3
mm/mm appears first and then disappears from the gage area studied. It
is worthwhile noting that the maxima of €y-strains move continuously,
while they increase with the applied load from the free boundaries to
the interior. This movement is followed by the neighboring strains in a
V-shape with the apex of the angle coinciding with the position of the
naximum deformation and oriented toward the longitudinal axis. The angle
of the V-shape was measured to be of the order of 29 deg.

In this meanner the apices of the €y-strains, moving from the free
boundaries to the interior from both sides of the longitudinal axis,
merge at the vicinity of this axis forming a double necking.

Fig. 10 presents the distribution of the ey-strains during the last
loading step. Three necks appear in this figure, which according to their
size are characterized as primary, secondary and tertiary neck. The
strain distribution along the necks is strongly non-uniform. The appa-
rently non-symmetric shape of necks and the presence of a tertiary neck
may be attributed either to a small eccentricity of the external load or
to a non-symmetric and non-uniform strain distribution due to geometrical
or strain-hardening factors, or, finally, to a combination of all these
factors.

The initiation of the visible necks with severe plastic deformations
of the order of 130 x 10-J mm/mm does not occur at their final position.
The bottoms of the necks, where the maximum strains appear, move like mo-
derate waves, in the same manner as the previously described movements of
the maxima of the instability strain concentrations, towards the interior.
This phenomenon may be deduced from Fig. 10 where the isoentatics (lines
of equal strain) appear denser at the edges of the neck lying at the in-
terior of the specimen, which is the direction of movement of the neck,
and sparser in the regions where the moving strain-wave has already
passed.

Thus, the movement of strain protrusions continues in the form of
compression after the occurence of the necks. The angle formed between
the axes of necks with the transverse axis of symmetry of the specimen
was equal to + 29 deg.

Fig. 11 presents the evolution of ey-8trains along the lines aP and
a’g’ which define the bottom lines of the necks during the last step
of loading. It is clear from these diagrams that there is no significant
difference between the € _-strains along the two bottom lines during the
first two steps. On the contrary, there is a distinct difference between
the strain distribution along these lines for the step N° III. This dif-
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fsrence becomes more Severe in the last loading step. As it is expected

#% the crossing point of the two necks the cy-strain takes equal values.,

Until tne step N° IV the coalescence of the two from both sides mov-
ing protrusions has not been accomplished. In the final step, when this
gosalescence has been taken place, an abrupt increase of the curve of
#frain distribution occurs. The dotted lines in Fig. 11 show the shape
o#f the curves of the g_-strain distributions just before the coalescence
of the two protrusions?

Then, it mey be concluded that the strain protrusion becomes remark-
ably intense at the area of coalescence of the two protrusions with the
reault that the specigen produces & visible neck and reaches there closer
the point of rupture of continuity of the material then in any other part

The difference in the strain distribution along the two necks ac-
¢#ounts for the distinction of the neck apf a8 the primary neck and the

- neck a«”B” as the secondary neck.

The rupture of the specimen takes finully place along the primary

jﬁeck under an angle of 29 deg. to the transverse axis of the 8pecimen,

This type of fracture was expected since the width of the specimen is
larger than 20 times its thickness. It is known that when the ratio of
the width to the thickness of a tension thin-flat specimen is larger that
five, the neck is produced not to a transverse direction but to an oblique

angle 3).

Fig. 12 shows the shear strain distribution on the surface of the
#pecimen. Shear strains take small values and they slightly increase
during the loading steps preceding the formation of neck. The shear
strain distribution is uniformly and smoothly changing. It becomes wavy
and larger during the final step of the initiastion of the neck.

b) Stresses: The components of gy- and o -stresses were de-
termined by applying relations (4) and assuming that the material follows
Mises' loading function. These components of stresses were plotted for
the first four steps in Figs. 13 to 16.

The evolution of the g,-stress distribution for the steps preceding
Pmax is rather smooth. The non-uniformity in the stress distribution at
Pmax: becomes apparent and for the last step of the initiation of neck
the stress distribution turns into a severely non-uniform distribution
with fluctuations in the values of stresses in comparison with the pre-
vious steps.

The maxima of stresses for steps I and II appear at the interior in
contrast to the corresponding distribution of strains, which present their
maxima at the boundaries. The maximum stresses move with the increase of
loading to their future positions at the nevks.

It may, then be deduced that for loads smaller than the load corres-

ponding to step I the distribution of stresses may present a maximum va-
lue at the middle of the specimen, which is split into two parts moving
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towards the necks as the external load is increasing. Thus, it may be
concluded that the instability phenomena, which generate the initiation
and which are related to non-uniform strain ang

the maximum
load, the me&ximum values of stresses continue to increase, while the same
This decrease
and it speads to regions
the necks with the progressive decrease of the ex-
ternal load.

The transverse Ox~tension stresses are equal to zero at the free
boundaries and they present the shape of a saddle along any transverse
Ssection with two maxima in both sides of the longitudinal axis. With
the appearance of the neck these maxima are displaced to the bottom lines
of the necks and the relative minimum between them tends toward the se-
condary neck,

e PGt e o o i The plastic work per unit of volume Wy
was determined by using the relation

Wt = / dw
8

where dw is the elementary plastic work defined by the equation:

dw =0, dcij (6)

J

The total plastic work W is found from dw by integration along
each deformed transverse section. The distribution of the rlastic work
at the various sections is shown in Figs 17 and 18.

Fig. 17 presents the evolution of the difference of the total plas-
tic work (A(ZW,)) between the loading steps for the transverse sections
XoXpy Xpxp and X3x3. The work is expressed as percentage of the every
time value of the difference at the minimum section xpxg. It is clear
from this figure that, during the evolution of the phenomenon of insta-
bility and necking, the increase of the dissipated plastic work is conti-
nuous in any section and this increase is more severe along the minimum
section than along any other transverse section.

The distribution of the total plastic work (2wt) follows a similar
law as the previously described but with smoother change from the ma-
Ximum to the minimum values. This quantity for the five loading steps
is depicted in Fig. 18. Ageain the total plastic work is normalized to the
velue of the plastig work at the minimum section corresponding to the ma-
ximum load Pmax The reduction of the plastic work outside the minimum
Ssection is considerable. Thus, for the last loading step and at a dis-
tance from the section XoXo equal to 0.40 of the minimum width the plast-
ic work takes a value equal to the half of its maximum value.

If we assume that the width of the specimen is constapt and the dis-
tribution of the plastic work in the direction of loading is uniform for
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$4s losding step corresponding to Pyax,» then, the plastic work distribu
§ion for the subsequent steps is presented by the dotted lines of Fig.18.
Then, sgain for the last step N° V we have at the section x3x3(0.40xdps,)
thet the plustic work is equal to 0.70 of the plastic work corresponding
. tq ?ﬁ“c'

V. CONCLUSIONS

A study of the mechanism of plastic instebility of thin-flat ten-
#ion specimens nade of low-carbon steel alloys was undertaken in this
psper. The phenomenon of plastic instability and the subsequent pheno-
#snon of initiation, evolution and stabilization of the position and size
~ 4f the necks produced was studied by weasuring the companents of strains
8ll over the gage area by applying the moiré method.

It was shown that the instability phenomenon starts and continues
aver a large range of strain and stress preceding and following the ma-~
imum external loud. The initiation of the insteability in a specimen is
related to a specific configuration of the deformed body, which depends
on the mode of distribution of plastie strains at a load approaching the
#ximum external load, which the Specimen is assigned to sustain.

- The initial non-uniformity in the strain distribution, which appears
long before the maximum load is reached, is continuously changing with
the evolution of loading. Locel protrusions in the strain-distribution
#ppear at the vicinity of the free boundaries, which move like moderate
#train waves toward the interior, while, simultaneously, they increase
in value.

The movement of the maxima of the longitudinal strains is followed
by the neighboring strains in a V-shape wave, which moves from both sides
of the free boundaries to the interior. When these strain waves merge

_ &t the vicinity of the longitudinal axis they form a double neck.

When the neck is well developed one system of slip lines, correspond-
ing to the so-called primary neck, begins to Pre-dominute over the other
Bysteus.

The localized severe deformation, associated with the neck forma-
tion, governs the phenomenon of further evolution of the necking. In-
deed, the state of plastic deformation is the principal factor influenc-
ing the mode of initiation, formsation and the final shape of the neck,
while the applied load and the stress distribution derived from are on=-
ly necessary to characterize this state of plastic deformation. The
rate of work hardening of the material associated with the localized
Severe plastic deformation at the necked area are the main factors con-
trolling the mode of development of the necks.

The stress and strain distribution along the predominating system
of slip, corresponding to the Prim&ry neck, continues to increase over
the secondary neck, producing a higher resolved shear stress on this
plane. This leads to a deeper neck observed at the final gtep of }oad—
ing, which may lead for further louading to the formation of & gyctile
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crack, which, once formed, it may readily propagate because of the favor-
able stress conditions at the necke.

Again, the position of the initiation of the necks does not coincide
with their final position. The bottoms of the necks move slowly to the
interior as the strain concentration is increasing presenting a steeper
interior edge and a smoother exterior edge which prove their slight mo-
Vement towards to longitudinal axis of the specimen.

The stress-distribution during the initiation of neck is severely
non-uniform with fluctuations in the values of stresses presenting their
néxima at the bottom lines of the necks.

Similarly, the distribution of the dissipated plastic work presents
similar shapes with severe increase of the dissipated plastic work at the
vicinity of the neck and simultaneous relaxation at regions distant from
the necks.
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FIG. 5. Longitudinal (ey) and trensverse (€y) strain distribution at

the transverse section XoXo of the tension specimen for the five loading
steps.

FIG. 6. Longitudinal (e,) and trensverse (ex) strain distribution at the
transverse section x1x3 of the tension specimen for the five loading steps.
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FIG. 7. Longitudinal (e,) and transverse (&) strain distribution at the
transverse section Xx2x2 of the tension specimen for the five loading
steps.
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FIG. 10. Distribution of the €y-strains during the last loading step
where necking is already formated.

FIG. 9. Iscentatics of the r.y-strain distribution for the first three
loading steps.
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FIG. 1l. Evolution of e_-strain distribution along the bottom lines of
the primary (aB) and secondary (a“B”) necks.

FIG, 12. Evolution of Yxy~8train distribution at the transverse section
XoXo XpXp X3x3 of the tension specimen for the first four loading steps.
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FI1G. 14. Longitudinal (0y) and transverse (04) stress distribution at
the transverse section X3X] of the tension specimen for the first four
loading steps.

FIG. 13. Longitudinal (0y) and transverse (0,) stress distribution at

the transverse Section XoX, of the tension specimen for the first four
loading steps.
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(?23. 17. BEvolution of differences in the total plastic work between the

FIG. 15, Longitudinal (ay) and transverse (Gx) stress distribution at five louding steps for the transverse sections XoXgs XpX3 and X3X3,

the transverse section x2x2 of the tension specimen for the first four
loading steps.
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FIG. 16. Longitudinal (Gy) and transvers (0,) stress distribution at
the transverse section x3x3 of the tension specimen for the first four
loading steps.

FIG. 18. Distribution of the dissipated plastic work for the transverse
sections x,xq, XoXp éand X3X3 during the 1ive loading steps.
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