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FAILURE MAPS APPLIED TO METAL DEFORMATION PROCESSES

J. D. Embury* and G. H. LeRoy™*

ABSTRACT

swribing the failure of metals in forming operations, it is necessary
notder both the operative state of stress and the mechanism of fail-
n orelation to the microstructure. An experimental program has been
wted to measure the strain to failure for various aluminum alloys
cot to different loading paths. If it s assumed that the strain
W to failure can be described by a sequence of proportional strain-
plane strain deformation the fracture condition for any Loading
v be expressed either in stress or strain space in the form of a
¢ map, the shape of which depends on the fracture mode. This formal~
i been used to compare fracture in various materials and micro-
wal conditions, to illustrate empirical failure criteria and to
- failure criteria for multi-acial Loading.

LHTHODUCTION

performance of materials in sheet metals forming operations is usually
vribed by reference to the work hardening characteristics or the plastic
»tyopy of the material. Much technological evidence exists to indicate
t materials successfully deformed in drawing operations require a high
rage strain ratio [1,2,3], (Figure 1). However, for many forming op-
tons which involve deformation in the presence of imposed strain grad-
' the performance of the material correlates with tensile fracture
‘vties of the material such as the measured reduction in area [4] as
rated by the example in Figure 2. This is certainly not a univer-
applicable correlation but is of value for materials of limited
duetllity, e.g., HSLA steels and high strength aluminium alloys.

aliy

‘s, in attempting to compare the behaviour of materials in form
st10ons we have the inherent difficulty of util
tstory of the material
‘table flow which the
ial. This
wiin history

ing oper-
izing the entire strain
which involves both the description of the limit
material can sustain and the fracture of the
means that parameters derived from the rather limited
available in the uniaxial tensile test are
spplying to large strain ranges.

k3 4

of dubious value

: This lends emphasis to current attempts
teoderive information from instrumented bulge tests [5] and other large
train deformation processes. Even if we ignore problems such as the in-
fiuence of lubrication and flow rate the problem is still complex in that
vth the stability and the fracture process are determined both by stress
state and the detailed microstructure.
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It is of value to illustrate this premise because it is of major import—.
ance in attempting to bridge the disciplines of solid mechanic§ ?nd phys
metallurgy. Consider first the problem of describing the stability oF.fh
or the localisation of strain. If it is assumed that the power hardening
law 0y = Ke derived for tensile deformation is valid for all 1?ading pat{
then following Backhofen [6] we can express the equivalent strain to attain
instability, i.e., the maximum load condition, € as

e = n/g

where g is a constant. Typical values of g and the tensile strain to in-
stability for various loading methods are summarised in Table 1.

In addition to the method of loading the onset of unstable flow may be
determined by temperature or microstructural features which can result
in strain softening [7,8] or the development of negatiye strain rate
sensitivity of the material [9]. An example is shown in Figure 3 for a
structural aluminum alloy.

Similarly the strain to failure and the mode of failure is a function of
stress state. The practical aspects of the problem are illus?rated by
Figure 4 which indicates that in forming an aluminum alloy failure mﬂy
occur either by a predominantly tensile mode or by in-plane sbear. }he
determination of ductility as a function of stress state and its ration-
alisation in terms of microstructural parameters is a major impedlment.to
the development of an adequate description of the permissible strain dis-
tributions at crack tips and is exemplified by the data shown in Figure 5.

Thus, the ability to rationalise and portray the limits of stable flow
and the process of failure as a function of stress state would represent
a useful method for comparing the behaviour of materials at large 1mpgsed
strains. In the present work an attempt is made to portray Fhe behuv}our
of sheet materials at large plastic strains. It is in principle pnsS}ble
to extend the treatment but currently little experimental data is uvulpabh
for materials tested at large imposed pressures and the essential phy%}cgl
processes of void nucleation and growth and local failure are not %uft1c1"
ently clearly elucidated to provide a genetal framework for comparison of
materials. A very useful method of representing the behaviour of sheeﬁ
materials is the forming limit diagram introduced by Keeler and Backhofen
{10], Figure 6. This diagram is an empirical diagram wh?ch represepts
the maximum level of useful strain, the limit strain, which can be im-
posed in any combined stress state prior to localised necking in the sheet.

Figure 6 illustrates the idealised modes of deformutiou‘which a matgrial
could undergo if deformed along a particular path in which tbe strains
were linearly proportional. After the onset of strain localisation we can
imagine in the idealised case the material forms a groove which ﬁontlnues
to deform by an approximately plane strain path up to failure. IbuS. a
second envelope can be added to the diagram representing the strain to ‘
failure of the material for a particular strain path, i.e., we approximate
the process by a combined path in which we have propor@ional.stra{plng up.
to instability followed by a period of plane strain deformation (Figure 6}
Experimental data to describe the position of the limit strain and
failure can be determined from the measurement of grids on the sqrfuce of
a deforming sheet plus measurements of the thickness strains at failure.
Careful analysis of the distribution of strains in fractured samplés cqab
the importance of strain gradients to be determined and tﬁe upproximaFlon
of the consecutive strain paths described above to be validated. Typical
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cxamples of the strain measuring grids are shown in Figure 7 (Hecker cup

tut. These tests need to be complimented by tensile (o, = 0), bulge
¥») and in-plane torsion tests, in order to determine the basic
«hanical properties of the material.

uy fracture process there is the inherent problem of specifying the

critical event determining the onset of failure. In many cases justifica-
ton can be given for either a stress based criterion or a strain based

ceiterion and thus it is of value to consider the representation of the

4

bitity and failure conditions in both strain and stress co-ordinate
sutems.  In essense this results in the production of a failure map which

wpable of representing the entive strain history of the sample for a
oty of stress states. However, in order to transpose the experimental
oncerning the observed strain values into other co-ordinate systems
mist impose a series of premises concerning both the straining condi-~
tions and the continuum description of the material.

28 L
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55 AND STRAIN RELATION

cilculations which follow relate stress and strain for sheet materials
ving a simple formulation of macroscopic anisotropy and deformed in
portional loading, plane stress processes.

ii thoice of an equivalent stress function

iiil's analysis for anisotropy leads to a function of the form
- 2 2
0 = 01" + a 00, + boy”
€Y

Gy = 0

re a and b are constants which can be obtained from the strain ratios
seasured in uniaxial tests in the rolling and transverse direction of

the sheet respectively. In this theory, it is assumed that a hydrostatic
tress does not influence yielding.

£} Associated flow rule

ihe pormality rule: can here be written using the

dey + dey + deg = 0 (2)

dey de s deg

207 + a gy 2b 0z * a 0y ~(2+a) 01 - {2b+a) Oa

(3)

“i Derivation of the equivalent strain function

ihe expression of dé can be obtained from (3) and the definition of & (1).
fhe identification leads to the result:

(de)? = (b dey” - a dey de, + de,?) 1)

3
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4) Straining condition

Assuming proportional straining:

dey (2
i "5 =? (5)

Relation (3) gives proportional leading condition with a siope m defined
by:
g a~-2b 2t

il e Blae DL
m <Y afl-2 (6)

The introduction of £ and m into (1) and (4) leads to the simplified
exXpressions:

a b w2

o = 1# =4 oy (7)
m m-
= 4 a 1\
€ 2 ~——— b - =+ —jy) €1 (8)
4b-a? ( R

5) Cheice of a material law

From the model we can propose a relation of the form
&= K &" (9)

6) Mapping strain and stress states

Starting from strain measurements which can be made directly on a deformed
part, we can calculate the corresponding points in the stress space. The
sequence of operations is given below:

obtain £ -and €3 from (2)

}"~*~w~m~1 plot € from (8) and m from (6) z

[measure £1,82

give a, b

plot 0 from (9)

I

i obtain o; from (7)
Uy
obtain O, = = O3 = 0

measure K, n
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chematieally:

£y (experimental 01 4
point)

slope: 2

(calculated
point)

slope: m

ot us now consider the application to the var

in practice:

ty that case, the Yon Mises or distortional

written:

- 4 %
g = ()lZ - U;Ug + Oz

“eplucing a and b by -1 and 1 respectively,
sipressions,

g = {1 + LI l") 0y
m? m

The planar isotropy case:

uming that the normal anisotro?y coeftlclenf 0
rraining, we can use the expression proposed by Hi

Heplacing

1 - 2
z . LR (1 L 2R, _L:_) -
VIe2R

- {I#R) &+ R
B R Y (1+R)
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R remains constant during
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C. The anisoiropic case:

For anisotropic materials, the constants a and b have been related to the

strain ratios:
£

o

“t

measured in the rolling direction (ry,) and the transverse direction {rqp)

[12]

2 2 2
ag® = 0y - Z‘,' 330, +
where 1 + tog 1 +r
- . o
= e r » €=~ T
90 -

The relations can be written in that case:

The forming limit diagram determined from fracture strain measurements has
been determined (Figure 8) in the case of an Al-Mg alloy (5154), in which
the mechanical properties are approximately the same in the rolling and
transverse directions (yield strength=19 Ksi, U.T.S. = 38 Ksi; n = 0.32)-
In the Hecker cup test, the strain gradient in the g3 direction perpendi-
cular to the void was found to be very important for strains in the range
-2 < 2 <0, (formation of a local neck), while the gradient reduces to zero
as & - 1 (no necking before fracture). The strain gradient in the £y dir-
ection (parallel to the crack) was always very small near the fractufe
ﬁite (plane strain conditions). The choice of straining paths indicated
in Figure 8 was based on these observations.

After collecting all the necessary data, the equations developed earlier
were used to calculate the limit and fracture maps, i.e., equivalent of

the limit strain and fracture strain curves in the stress space (Figure 9) .

The level and the shape of the two maps depict two main features:

1) The stress at failure related to the yield stress, for a wide
range of loading paths.

2) The locus of failure (fracture map) related to the locus of in-
stability (limit map).

The knowledge of both the position of these two curves in the stress space
and their relative separation can serve as a basis for the comparison of
materials from the point of view of the effect both of the loading paths
and the structure.
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APPLICATIONS

Having established the basic formalism needed te portray the failure map
i stress or strain coordinates we can utilise the formalism for three
liisic purposes viz a) the comparison of materials, b) establishing the
relevance of empirical failure criteria and ¢) the development of theories
of failure for multi-axial loading.

i) Comparison of materials

the ability to describe the entire strain history to failure can be used
as a basis for the comparison of material behaviour. This enables a com-
parison to be made not only in terms of a normalised parameter such as the
stress component relative to the initial yield stress but also it enables
more general aspects of behaviour to be compared e.g. the relative be-
haviour of a given material when subject to pure shear or biaxial tension.

in this regard it is germane to comment on the complex shapes of the
fallure surfaces relative to the initial yield surface. If we consider

the strain hardening of the material in terms of the expansion of the

vield surface then following Drucker [13] it can be shown that the expanded
vield surface Temains convex and does not violate the normality rule. A
ven expanded yield surface is defined at a constant value of plastic

rk done per unit volume by the deviatoric stress components. Ilowever,
the total work per unit volume along any loading path to failure is not
constant but depends on loading trajectory. An obvious example is in the
Griffith theory of failure where the stress for compressive failure is 8
times that to tensile failure [14]. Thus, in general the failure surface

iz not an expanded yield surface but it connects points on various expand-
ed yield surfaces, i.e. expanded by strain vectors of varying magnitude.
Thus, the failure surface may exhibit re-entrant shapes and singularities
and 1is not constrained to mirror the geometry of the initial yield surface.

Ubviously tests on sheet materials permit access only to a limited portion
of the total failure surface but this is in general sufficient to permit
some useful comparisons to be made both between materials and in regard

to the influence of heat treatment on a given alloy.

Limit strain data have been collected for 5 different aluminum alloys

and one aluminum killed drawing quality steel and are shown directly re-
plotted in the stress space in Figure 10. The shape of the limit maps

is not as precise as in the former case, since they are obtained from a
few experimental points only, but we are here interested in the stress
levels only. The diagrams include measurement in torsion tests recommend-
od by Marciniak [15}: along this axis (0, = -02) the limit and fracture
strains coincide.

We notice that the sequence of stress levels along the tensile axes and
the balanced biaxial tension axis is the same and is given by that of the
vield strengths indicated in the figure, but the sequence is altered in
pure shear due to the reduction of ductility of the 2036-T4 alloy in this
stress state. The overlap shows that although this material can withstand
greater stresses before any visible neck develops in the region where both
91 and O are positive, instability occurs at lower stresses along the
pure shear axis.

Additional work would be needed to relate the relative fracture be-
haviour of these materials to their structure, but the knowledge of the



J. D. Embury and G. H. LeRoy

Fracture 1977, Volume 1

maps may be used as a prelimipary indicator by press-shops in the selection
of materials suitable for forming operations which inlcude pure shear de-
formation modes.

b) Use of failure maps to illustrate empirical fracture criteria

Recent work by the metal forming group at McMaster has considered the use
of a variety of coordinate systems to express failure criteria for sheet
metals. This work {16] is summarised in the section below. Its objective
is to explore in a general way the different phenomena which might influ-
ence failure in sheet forming processes and to illustrate graphically the
significance of different hypotheses of failure.

There is a variety of possible failure criteria that may be applied to
sheet materials although it is to be expected that each criterion will be
relevant only to a limited number of materials, metallurgical conditions,
forming operations or loading paths. For example, a maximum principal
stress criterion may have more relevance to brittle materials or to
materials having intergranular weaknesses than a maximum shear stress
criterion, which may itself be hetter applied to ductile materials. Where
voiding is a prominent feature of failure it is to be expected that a
growth and coalescence criterion involving the hydrostatic stress COmpon-
ent might be most appropriate. The essential point here is that no one
theory can be expected to hold for wide ranges of materials and testing
conditions. Several possible theories may be applicable and determining
the relevant omne for a given set of circumstances may be difficult.

Let us consider briefly three simple empirical failure criteria and their
resultant failure maps.

Maximum principal stress:

If a maximum principle stress criterion [17] is chosen, i.e.
H
U1 = constant

the failure curve has the form shown in Figure 1i(a) with a high failure
strain in pure shear, ¢; = -0,, and a minimum failure strain under approx-
imately plane strain deformation. The form of this diagram depends on the
value chosen for n, particularly at negative €, values. Under tensile
straining conditions, 0, = 0, £; at failure increases with n; however,

for conditions of pure shear, the reverse is the case since it may be
shown that

€1“§(%+1/2

V4

where éf is the strain to failure in uniaxial tension and the greater
is n the smaller is the failure strain.

The stress diagram for this criterion is an obvious one and is shown in
Figure 11(b).

In determining the failure map diagrams, the plasticity theory and assump-
tions indicated previously have been followed but it is assumed that the
material obeys the simple stress strain relation given by the law,

[
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-0.2
g = Ke

cases the shape of the curves is dependent on the strain hardening

@t and the value, n = 0.2, was chosen arbitrarily although this is a

ble value for many common sheet materials. The scale of the dia-
is of crucial importance and this should be the major area of con-

wtion in future studies but in this first attempt we express the

; in non-dimensional form. The curves indicate the stress and

in parameters Oi,2/0 and £1,s/€ at which failure is expected from each
3 Uy and 02 are the actual principal stresses and €, and €5 are the

ipal strains at failure in a proportional plane stress process and o
are the stress and strain at failure in uniaxial tension.

m thickness strain:

Wi empirical criterion which is obeyed quite well in forming sheet in
cuesses ranging from simple tension to biaxial tension [12] is that
thickness strain at fracture is constant, i.e.

£3 = constant

: is shown in the strain map in Figure 12(a) and the stress diagram,
“ipure 12(b), which is not unlike the maximum principal stress curve,
twure 11(b), at least for loading paths away from pure shear.

m shear stress:

saximmm shear stress criterion,

T constant
max

of interest because failure phenomena appear to be related to strain
#rvturbances along planes of maximum shear. The strain and stress dia-
g are shown in Figure 12(a) and (b). In the region in each map be-
“wien simple tension and biaxial tension, -1/2 < €2/€1 <1 and 0 < o, <1,
the plone of maximum shear is at 45° to the surface of the sheet. In the
hear region, €x/21 <~1/2, and 02/0; <0, the plane of maximum shear is

rpendicular to the surface. From a stability point of view it could be
ued that these are two different phenomena as in one case concentrated
would lead to a loss in the load bearing cross-section and this
woiidid not necessarily be true in the other case.

ihe development of fracture criteria for multi-axial loading

ne of the essential features in understanding the mechanical behaviour
i materials has been elucidation of the microstructural and atomistic
fectors which influence the competition between fracture and continued
stestic flow in solids [18,19]. In many materials this can be expressed
i competition based on the attainment of a critical stress dependent
o the temperature of loading and some local microstructural feature of
» material such as the grain the condition of the grain boundari
the size of some internal brittle component such as a carbide. An
sample is given in Figure 13 which illustrates in a simple manner the
sapetition between fracture and flow in iron resulting from modification
the local grain boundary microstructure. A more complex map of the
viilable low temperature failure modes in a heat treatable Al-Zn-Mg is
‘en dn Figure 14.  Ashby [20] has recently expanded the utilisation of

R R e R
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such maps in stress temperature space to demonstrate the relationships
between failure modes at various strain rates. The salient feature of
the comparisons shown above is to note that in general we must take cog-
nisance not only of the competition between plasticity and fracture but
atso the competition between available fracture modes. This raises a third
mode of utilisation of failure maps viz. the examination of the influence
of stress state on the occurrence of a well defined and quantitatively
characterised mode of failure. To date little data is available on this
aspect although some valuable progress has been made in the discussion of
the influence of hydrostatic pressure on the strain to failure resulting
from void nucleation and growth [21,22]. However, in sheet materials the
detailed physics of failure are not generally established in terms of micro-
structural variables. Thus, it is useful to illustrate the potential use
of the failure maps by heat treating material to promote a given failure
mode and then examining the influence of the available strain paths on

the resultant failure. Samples of an aluminum alloy 7004 were heat treat-
ed as indicated in Table 2 to produce a) peak hardness and b) catastrophic
shear failure prior to necking. Samples were then tested in a variety of
straining paths and the failure maps established as in Figure 15, which
illustrates the difference between conventional ductile failure and the
catastrophic shear mode.

A second example is ultra fine grained materials, whose forming behaviour
can be compared with conventional materials using failure maps. A fract-
ure map is shown in Figure 16 for an ultra fine grained aluminum alloy of
grain size 1 - 2 um. This should be compared with Figure 9, obtained

for a conventional 5154 alloy of similawr yield stress.

CONCLUSIONS

This presentation illustrates the basic formalism for the protrayal of
the failure behaviour of sheet materials during forming processes. It
should be empha ed that the work is at an early stage and is yet not

to be regarded as a complete and useful methodology. However, the work
indicates that the failure maps may be used both to compare the behaviour
of materials e.g. the competition between alloys to form a given compon-
ent and on a more basic level to extend and compare the failure criteria
applicable to sheet metals. The concepts of failure maps can be extended
to a more general loading states and in the future the form of the maps
may be capable of modification in order to express the work to failure as
a function of variables such as pressure or temperature and thus provide
a more general formalism for the comparison of the fracture resistance of
materials.
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Alloy and temper Heat treatment

7004 - Te Sotution treated at 748 K for 1 hr +
quenched in brine and aged at 393 K
for 24 hrs,

7004 - T4 Solution treated at 748 K for 1 hr +

quenched in brine

26

2.8 I I :
Table 1 Equivalent strain at instability for various loading paths o ]
>
€ rd
Case q €/n g ®
O 2.6 P -
Internally pressurized sphere ) ) a P
(02/0y = 1) 872 1/3 2y g
2 e
P -~
- ] s
Capped cylindrical tube, B
internally pressurized 3 1/2 D 2.4 ’//
(02/01 = 1/2; Oy = pr/t) g 5
o & S
= gl @ Titanium
Open-ended cylindrical tube, ) -é Oﬂ@b ) qu?,s
internally pressur d 3/2 2/3 B8 22— A Stainiess ]
(02 = 03 = 0; Oy = pr/t) @ Q}»’Z‘\‘A A Mild Stesl
g 9 o Aluminum
Sheet loaded in its plane, =
orthogonally and equally 1/2 1 = 20 | { | |
(U2/07 = 1 5 <
= N 2 o i 2 3 4
Average Strain  Ratio, r
Sheet loaded in its plane, S
extending in plane strain \/3/2 1
(92/0y = 1/2)
Diagram showing that the average strain ratio v is
i 1 1 directly related to drawability: the higher the r )
fod dn tension value, the deeper the cup can be formed by pure drawing.
Reference [1].
Table 2 Heat treatments performed on the 7004 aluminum alloy
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1.0}~ - .

0.8 A//o .

0.6} ’5//)}u/// ~
o 0.4} — 18 mm rad .
=
g 0.2} -
2 0 | |
5 2
B 1.0 s
b
@ o8l % ]
J,, 0.6l /DJ/A/ 9 mm raod -
£ e
So0.a i
& Material v

0.2} o A o° E ]
el oL s] B 0° |
=2 N a B 90° 1
2 i a C o° i
kit A C 90

0.8 v D 8] o -~ =

v D 20° A//‘ v

0.6 - i

oA4r ’”"/JT: 4.5 mm rad E Figure 3 Picture showing the development of intense bunds of

0.21 B shear which pass through the entire cross-section

. of the polycrystal, in the case of an as—quencheq _
2 40 go go 76 ab 96 7075 Al alloy tested at room temperature and exhibit-
Tensile Reduction of Area, % ing negative strain rate sensitivity. Reference [9].
s
Figure 2 Diagram showing that in the case of forming

operations which involve deformation in the
presence of imposed strain gradients the pers
formance of the material can correlate with
the reduction in area in a tensile test. Data
from reference [4].
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501
b | a0 e -

{ﬁfo] 30 \“\ -~ a)
201 ~0een q:’\ ° -

10— - -

0

A0~ g -

PH 301~ Tl T b)

["Yo ] 20~ M\“"ma 7
a

{a) fail at bottom corner, ot angle to bottom

10 g ew o B
O s oo
0.2+ TTe. e .
0.15 T o _
n 0.1 Teele - c)

8D
0.051— -
O l L ! | | |

O I0 20 30 40 50 60

0-2 % YIELD STRESS (107 pg) —»

{b) inclined split in side wall at corner, propaogate
into  flange

AR R

Figure 4 Sketches illustrating various types of failure
observed in square cup tests drawn from circu-
tar blanks, in the case of aluminum alloys. saire 5 Variation of lUniaxial and plane strain tensile ductility, ¢p

and ¢y respectively, and of strain hardening exponent n for
7075 alloy plate in different aging conditions. Data from
reference [24].

{a) ¥ail at bottom corner, at angle to bottom.

(b) Inclined split at side wall.
Data from reference [23].
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space.

fabury and G. H. LeRoy

Failure Maps and Deformation Processing

Hecker cup specimens after fracture. Small circles have been
initially printed on the blanks. The degree to which the cir-
cles are distorted after deformation of the blank provides a
measurement of the surface strains e; and £9.
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Figure 11 Schematic diagram showing the fallure curves for the

criterion that the maximum principal strain at failure,
1, has a constant value (full line) and that the maxi-
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Figure 14 Schematic diagram illustrating the fracture resistance .

of aluminum alloys. The three common modes of failure
are represented as failure surfaces in the 3 dimension::
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Figure 15 Fracture maps obtained in the case of an Aluminum
alloy 7004 for two different heat treatments.
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Figure 16 Fracture map obtained in the case of an ultra fine grained

aluminum alloy.
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