Int J Mech Mater Des (2006) 3:293-307
DOI 10.1007/s10999-007-9025-3

Effect of annealing temperature on void coalescence in 5086
aluminium alloy formed under different stress conditions
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Abstract In this paper, the influence of annealing
temperature on formability, fracture behavior, void
nucleation, its growth, and coalescence are studied.
The voids and fracture behavior are studied as a
function of various void parameters, namely dd-
factor (ligament thickness between consecutive
voids), d factor (ratio of dd and radius of the void),
void area fraction (V,) and L/W ratio (ratio of length
to width of the void). The L/W ratio of the oblate or
prolate voids at fracture is correlated with the
mechanical properties, microstructure, minor strain
at fracture (&,), Mohr’s circle shear strains, stress, and
strain triaxiality factors. The Lode factor () is
determined and correlated with the Stress triaxiality
factor (T), which is the ratio of mean stress (o,,) to
effective stress (g.). In addition, the Void area
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fraction (V,), which is the ratio of void area to the
representative sample area, is determined correlated
with the Strain triaxiality factor (T,). It is found that
the sheets annealed at 300°C, possesses better
formability due to lower d-factor, higher 7 and 7-
values, greater void area fraction and lower L/W ratio
of void accommodating more plastic deformation.

Keywords Al 5086 alloy - Annealing temperature -
Ductile fracture - Void - Triaxiality factors

1 Introduction

Influence of annealing of commercially pure (CP) Al
was evaluated by aspects namely microstructure,
mechanical properties, electrical conductivity, and
general corrosion. It is shown that by selecting
optimal annealing condition result in ultra fine grains
in CP Al with good combination of high strength and
ductility as explained elsewhere (Nikhil et al. 2005).
Using an Al-Mg—Cu alloy developed for auto body
panels, strip sheets are experimentally produced by
various cold rolling annealing procedures. Tensile
and metallographic properties of the sheets and their
relations are examined to attain higher formability.
The elongation is closely related to the grain size, and
increases with the final annealing temperature as
described by H. Takuda (Takuda et al. 1995). The
suitability of recently developed aluminium alloys
(an Al-Mg-Mn alloy and an Al-Li—-Cu alloy) for
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press-forming applications has been examined. The
characterization involves the experimental determi-
nation of microstructural aspects, tensile properties,
and formability parameters such as average plastic
strain ratio and planar anisotropy. These alloys are
suitable for stamping applications, where stretching
constitutes the major proportion of the deformation
(Ravi Kumar and Swaminathan 1999). In sheet metal
forming, fracture (the final phase failure) occurs due
to the nucleation, growth and coalescence of voids
formed after the onset of necking. Therefore, the
nucleation, growth and coalescence of voids influ-
ence the fracture behavior of any material. Many
researchers have investigated the nucleation, growth
and coalescence of voids in porous materials as given
below. Gurson and Tvergaard assumed the voids are
spherical in materials and remain spherical in growth
(Tvergaard 1981), but many engineering materials
have nonspherical voids. Later, Needleman found
critical void volume fraction (f.), which was often
used to designate the final material failure (Needle-
man and Tvergaard 1987). Then, Gologanu et al.
(Gologanu et al. 1993, 1994, 1995) derived a yield
function for materials containing spherical voids
overcoming the GT (Gurson-Tvergaard) Model.
However, Benzerga explained that the fracture is
strongly influenced by void shape, void spacing,
stress triaxiality and strain hardening (Benzerga et al.
1999). Pardoen and Hutchinson, Benzerga and Kim
implemented the GLD (Gologanu, Leblond and
Devaux) models to predict ductile material criteria
(Pardoen and Hutchinson 2000; Benzerga et al. 2004;
Kimand Gao 2005). Further, Stress triaxiality factor
[T] was found to be a parameter to characterize the
effect of triaxial stress state on ductile fracture, which
is responsible for the nucleation of voids. However,
multiple stress states with different principal stress
values can result in the same stress triaxiality factor,
which is explained elsewhere (Kim and Gao2003).
Gao et al. (Gao et al. 2005), found the macroscopic
stress response, void growth, and coalescence behav-
ior during fracture. Recently, it is further confirmed
that the metals have initially spherical voids and the
void shape may change to prolate or oblate depending
upon the state of applied stress (Gao and Kim 2006).
From the above literature, it is found that d-factor,
od-factor, hydrostatic stress (o,,), microstructure,
strains at fracture, Triaxiality factors, the Lode factor
(0) effective strain (o.) and Void area fraction (V,)
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have an effect on ductile fracture behavior. It is
attempted to relate the various annealing temperatures
with the void parameters, microstructure, and fracture
characteristics. Therefore, in this work, an attempt is
made to establish the relationship among the above
said parameters for the case of sheet metals with
respect to four different annealing temperatures
namely 160°C, 200°C, 250°C, and 300°C. Moreover,
the nucleation, growth, and coalescence of voids find
different pattern in sheet metal taken for study with
respect to change in annealing temperatures. Further,
the standard test for formability has been developed
(Narayanasamy and Sathiya Narayanan 2005, 2006;
Kleemola and Pelkkikangas (1977) and many
improvements have been carried out. A.R. Ragab
performed evaluation of bendability of sheet metals
using void coalescence models (Ragab and Saleh
2005). Young-Suk Kim et al (Kim et al. 2006) studied
the effect of material damage on forming limits of
voided anisotropic sheet metals. Approximate yield
criterion for voided anisotropic ductile materials was
proposed Kim Youngsuk et al. (Kim et al. 2001). The
effect of void shape and its growth on forming limits
for anisotropic sheets containing non-spherical voids
was studied by Hyun-Sung son et al. (Son et al. 2004).
In this work, sheet blanks of different width were used
to vary the strain conditions. In order to extend the
above study under different stress and strain condi-
tions, tests for formability has also been carried out.
The sheet metal taken in to consideration is alumin-
ium alloy 5086 supplied in cold rolled condition.

2 Experimental work

The material Al 5086 alloy, which is obtained in cold
rolled condition, was first annealed at four different
temperatures. The chemical composition and micro-
structure of Al 5086 alloy annealed at four different
temperatures namely 160°C, 200°C, 250°C, and
300°C, considered for the study were observed as
per the standard procedure as explained elsewhere
(Narayanasamy and Sathiya Narayanan 2005) and
shown in the Table 1 and Fig. 1 respectively. The

Table 1 Chemical composition of Aluminium 5086 (in wt%)

Material Mg Mn Si Fe Cr Cu Ti Zn

Al 5086 alloy 4.0 0.5 03 05 025 0.10 0.15 0.25
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Fig. 1 (a) Microstructure
of Al 5086 annealed at
160°C at magnification
400x. (b) Microstructure of
Al 5086 annealed at 200°C
at magnification 400x. (c)
Microstructure of Al 5086
annealed at 250°C at
magnification 400x. (d)
Microstructure of Al 5086
annealed at 300°C at
magnification 400x (All the
above metallographic
samples were etched with
Keller’s reagent)

Tensile tests were carried out for all four tempera-
tures in Al 5086 material to determine the mechanical
properties of the steels using Hounsfield Tensometer
as explained elsewhere (Narayanasamy and Sathiya
Narayanan 2005, 2006) and the same is presented in
Table 2. In order to vary the strain conditions and to
study the voids formed under these different condi-
tions, sheet samples of different widths were formed
up to fracture using a double action hydraulic press of
capacity 2,000 kN with standard die and punch set up
which is used for formability tests as explained
elsewhere (Narayanasamy and Sathiya Narayanan
2005). The strain measurements were made and the
Forming and Fracture Limit Diagram were drawn.
From these strain based limit diagrams, the stress
based forming and fracture limit diagrams were

Table 2 Tensile properties of Al 5086 alloy annealed at 160°C

constructed as explained elsewhere (Kleemola and
Pelkkikangas 1977). Small sheet specimens of size
10 mm X 5 mm were cut at the region of fracture, for
SEM analysis. In specimens, fractured surfaces were
observed for voids using a Scanning Electron
Microscope (SEM) model JSM-5610 LV. The size
and shape of voids were observed from the fractog-
raphy by importing the SEM images to AutoCAD
release 2005. From SEM images, the relative spacing
of the ligaments (dd) present between the two
consecutive voids was measured. The perimeters of
the spherical voids were measured from SEM images
and the average radii of the voids were found out. The
d-factor was then determined by dividing the relative
spacing of the ligaments (dd) present between the two
consecutive voids by the radius of the voids. For the

Orientation relative Strain hardening Strength

Lank ford Yield Stress

Ultimate Tensile UTS/g, % Elongation

to rolling direction exponent n coefficient K MPa value 7 (sy) MPa stress in MPa

0° 0.178 420 0.707 251 Average 325 Average 1.294 8.90
45° 0.095 390

90° 0.170 440

Average” 0.135 410

* Average = (Xo + 2Xy5 + Xo0)/4, where x is n-value or K-value
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prolate and oblate voids, the length and width of the
voids were measured from the SEM images, and then
the length to width ratio (L/W) of the voids was
calculated. A representative material area (RMA) was
chosen and the total area of the voids present in this
particular RMA was calculated. From these data, the
void area fraction, ratio of total area of the voids to
the RMA was calculated. From the major strain,
minor strain and thickness strain values, macroscopic
effective strain (e;), mean strain (¢,) and the Lode
factor (), were determined. The strain triaxiality
parameter was then calculated by dividing the
macroscopic effective strain (¢,) by mean strain
(¢m)- The mean stress (o,,,) and macroscopic effective
stress (o.) were also determined and then the stress
triaxiality parameter was determined by dividing
mean stress by macroscopic effective stress.

3 Results and discussion
3.1 Chemical composition and microstructure

The chemical composition for Al 5086 alloy tested is
provided in Table 1. Whereas, the metallurgical
microstructure details are provided in Fig. 1. The
microstructure of annealed sheet at 160°C shows cold
worked and elongated microstructure. No recrystal-
lization has taken place in this case, whereas the
sheets annealed at 200°C shows partial recovery and
no recrystallization. The microstructure of sheets
annealed at 250°C shows fully recovered and partial
recrystallized grain structure whereas, sheets
annealed at 300°C shows very fine recrystallized
grains. A fundamental understanding 5086 is a
medium to high strength non-heat-treatable alloy.
The alloy has good formability than alloy 5083. As
this alloy is resistant to stress corrosion cracking and
exfoliation, it has wide application in the marine
industry. The magnesium in the Al 5086 is 4.0%, the
presence of magnesium in larger quantity retards
formability but enhances castability and strength. The
percentage of iron in the material is 0.50%, its
presence in the alloy increase the recrystallisation
temperature. The presence of silicon is about 0.3%
and its improves the fluidity of the alloy. The
manganese and chromium jointly counteract the
corrosion effect of Iron. Manganese and chromium
have a strengthening effect with reduction of
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ductility. Copper content is about 0.10% and its
presence, reduces pitting corrosion. The zinc that is
present in 0.25% does not have effect on corrosion
but enhances castability and strength. The solid
solubility of magnesium in aluminium alloys ranges
from 2% in room temperature and 14—-15% at 720 K.
Silicon usually forms Mg,Si, mostly insoluble, espe-
cially the alloys with more than 3—4% magnesium.
Iron may form FeAl; in the absence of chromium or
manganese. Titanium remains mostly in solution.
Titanium increases the recrystallisation temperature
and aids in grain refinement.

3.2 Tensile properties

Tensile properties of sheets annealed at four different
temperatures are shown in Tables 2, 3 and 4. The
average strain hardening exponent (7) value indicates
stretchability and formability (Narayanasamy and
Sathiya Narayanan 2005, 2006). As the #n-value
increases, the stretchability also increases. The sheet
annealed at 160°C, possess comparatively less aver-
age strength coefficient value (K) due to presence of
cold worked microstructure. Whereas, the grains in
microstructure of the sheets annealed at 300°C is
recrystallized in nature and they possess higher K
value, the strength coefficient. The sheets annealed at
300°C temperature possess slightly a higher value of
UTS, compared to other lower annealing tempera-
tures but it possesses a low yield stress, compared to
the rest. The percentage of elongation for sheets
annealed at 300°C is found to be 13.64%, which is
found to be greater than rest of the annealing
temperatures. The fully recrystallized microstructure
due to the strain induced boundary movements is
responsible for the greater elongation of sheets
annealed at 300°C. Table 5.

3.3 Limit strains and limit stresses

The forming and fracture limit diagrams of all sheets
annealed at four different temperatures are presented
in Fig. 2. Since, the microstructure of the sheet
annealed at 300°C shows a refined and recrystallized
grains show better formability in all regions. The
sheet annealed at 160°C shows poor formability due
to the presence of cold rolled grains microstructure.
The sheet annealed at 300°C exhibits higher (UTS/
oy) ratio with low yield stress, higher (¥) value and
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Table 3 Tensile properties of Al 5086 alloy annealed at 200°C

Orientation relative ~ Strain hardening Strength

Lank ford Yield Stress

Ultimate Tensile UTS/oy, % Elongation

to rolling direction exponent n coefficient K MPa value 7 (oy) MPa stress in MPa

0° 0.212 410 0.790 245 Average 323 Average 1.318 10.36
45° 0.115 440

90° 0.220 450

Average” 0.166 435

* Average = (Xo + 2X45 + Xo)/4, where x is n-value or K-value

Table 4 Tensile properties of Al 5086 alloy annealed at 250°C

Orientation relative Strain hardening Strength

Lank ford Yield Stress

Ultimate Tensile UTS/ 6, % Elongation

to rolling direction exponent n coefficient K MPa value 7 (oy) MPa stress in MPa

0° 0.176 410 1.013 222 Average 315 Average 1.42 11.62
45° 0.188 490

90° 0.172 450

Average” 0.181 460

* Average = (Xo + 2X45 + Xo9)/4, where x is n-value or K-value

Table 5 Tensile properties of Al 5086 alloy annealed at 300°C

Orientation relative Strain hardening Strength

Lank ford Yield Stress

Ultimate Tensile UTS/o, % Elongation

to rolling direction exponent n coefficient K MPa value 7 (oy) MPa stress in MPa

0° 0.259 480 1.128 210 Average 326 Average 1.55 13.64
45° 0.261 550

90° 0.142 460

Average” 0.231 510

* Average = (Xo + 2X45 + Xo9)/4, where x is n-value or K-value

favorable microstructure for the formability, when
compared to the rest of the annealing temperatures.
Therefore, the same sheet exhibits higher formability
than the rest of the sheets annealed at other different
temperatures. The sheets annealed at 300°C have
higher (UTS/oy), which in turn increases the form-
ability. These results are also consistent with
mechanical properties and microstructures.

3.4 Voids

The SEM fractography details are provided in
Figs. 3—6. The shape of the voids is categorized as
spherical, prolate, and oblate voids. In the initial stage
of research on voids, they are assumed spherical
(Tvergaard and V. 1981). Later, it is found that the

shape of the voids is taking different shapes depend-
ing on the state of stress/strain conditions. The prolate
and oblate voids are elliptical in shape. The prolate
voids are elongated more in the thickness direction
than in the plane of the sheet and the oblate voids are
elongated more in the direction of plane of the sheet.
Not only the type of voids is affected by the forming
conditions but also the number of voids is affected by
stress conditions. Among various annealing temper-
atures taken for the study, the sheets annealed at
300°C shows large number of voids (Void area
fraction (V,) for sheets annealed at 300°C is more) in
the SEM images taken at its fracture surface
compared to rest of the other three annealing
temperatures viz. 160°C, 200°C, and 250°C. This
large number of voids is because of the accommo-
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Fig. 2 Comparison of
FLDS for Al 5086 at
various annealing
temperatures

Fig. 3 SEM images taken

for the fracture surfaces for
Al 5086 sheets annealed at
160°C
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Fig. 4 SEM images taken

for the fracture surfaces for
Al 5086 sheets annealed at
200°C

Blank width 180nun (Tersion-Tension )

.I _\C" . ] ‘;,-:,7,

7403 20KV

dation of high plastic strain by the presence of fully
or partially recrystallized grains in the annealed
microstructure of Al 5086. The strain induced
boundary movement has been completely taken place
in the 300°C annealed Al 5086 sheet and the same is
explicit from the microstructure of the annealed
sheet. In the case of sheets annealed at 300°C, the
strain hardening index 7 value increases, the stress
required for the plastic deformation also increases
and this leads to the formation of larger number of
voids due to the presence of recrystallized grains in
the microstructure. In the lesser annealing tempera-
tures, the number of voids is lesser compared to other
temperatures because these SEM photographs show

rsion-Tension)
T T

Blank wid th 100nen Tersion conpiession)

18rn HD27

partial brittle fracture behavior. It is also noticed that
the voids are almost spherical in the case of the
blanks of width 200 mm (tension—tension region),
which is subjected to strain condition nearly equibi-
axial strain. This is due to the reason that the major
strain and minor strain are tensile in nature and they
are acting in the plane of the surface of the sheet. The
other reason is that the thickness strain is found to be
lesser at fracture. Voids are viewed in the fracture
surface for getting the SEM images for all the four
annealing temperatures. In tension—compression
strain condition, the minor strain (in the width
direction) is less and therefore it shows the large
number of prolate voids. The SEM images of all the
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Fig. 5 SEM images taken

for the fracture surfaces for
Al 5086 sheets annealed at
250°C

3,000 10rn HDZ

B]ankwlith 120nen (Temm- conpression)

Blank wzdt.h 100nen L'I‘ensm- eompwessmﬂ

sheets annealed at different temperatures considered
for the study show more number of non-spherical
voids because their microstructures show that second
phase particles are uniformly distributed along the
grain boundaries of the microstructure sheet. These
voids are formed around the second phase particle
due the mismatch of these second phase particles and
the metal matrix. Whereas in tension—tension strain
condition, the voids are developed at the fracture of
second phase particles and therefore they are in
spherical shape.

Figure 7 shows the relationship between the mean
strain and the d-factor. It is known that the d-factor
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linearly increases as the mean strain increases for all
the four annealed temperatures. The rate of increase
in d-factor with respect to mean strain is naturally
high in the case of lower annealing temperature viz.
160°C because the cold worked microstructure is not
completely eliminated and hence there is no instance
of recrystallization. In this study, the rate of increase
in d-factor is high for sheets annealed at 160°C, due
to the absence of recrystallization in the microstruc-
ture. It is also observed that the d-factor is found to be
lesser in the case of sheets annealed at 300°C, due to
existence of the complete recrystallized grains in the
microstructure. The distribution of d-factor with
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Fig. 6 SEM images taken

for the fracture surfaces for
Al 5086 sheets annealed at
300°C

Blank wldth lIlmm (T ersion- mmessxm)

Blank w:dth ].lIh'nm(Temzon conpression)

reference to the mean strain is proximal for the
annealing temperatures namely 160°C, 200°C, and
250°C, whereas in the case of 300°C, the rate of
change of d-factor with respect to mean strain is
significantly lesser and it has lower d-factor values,
summarizing that the lesser d-factor possess higher
formability. From Fig. 7 and FLD (Fig. 2), the sheets
having higher formability (annealed at 300°C) shows
lower d-factor because it contains fully relieved strain
free grains of the microstructure. Higher 7 value also
resists the void growth and coalescence. This is also
another reason that sheets annealed at 300°C possess
higher formability compared to rest of the sheets.
Figure 8, is plotted between the strain triaxiality
factor (T,), (which is the ratio between mean strain

and effective strain) and d-factor. It is known that the
effective strain increases as the void size decreases.
Therefore, it can be concluded that as the strain
triaxiality factor increases the d-factor also increases.
From the figure, the sheets annealed at 300°C show
lower slope value and therefore this sheet exhibits
better formability. This slope is higher for sheets
annealed at 160°C because of the absence of recovery
and recrystallization the microstructure.

From the Figs. 9 and 10, it is observed that the
void area fraction is highest for the sheets annealed at
300°C temperature in tension—tension strain condi-
tion, because for this condition the SEM images
shows more void surface area per a constant repre-
sentative material area compared to the tension
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compression condition. As the tension—tension strain
condition gradually changes in to tension—compres-
sion, the void area fraction decreases in all the four
annealing temperatures. The strain triaxiality factor is
responsible for the initiation of void and mean strain
is responsible for the growth of the void. Therefore,
these two parameters have considerable impact on the
void area fraction as well as on the formability.
Figure 9 shows the variation of void fraction with
respect to mean strain. It shows that the fracture
occurs when this void fraction reaches a critical value
for sheets and for any given condition. This critical
value also depends on the annealing temperature of
the sheets. The mean strain developed for sheets
annealed at 300°C temperature is greater and the
same is lower for sheets annealed at lower temper-
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atures. For sheets annealed at 300°C, the mean strain
is found to be greater for any given void area fraction
(V,) and shows better formability. The nature of
variation of void area fraction with respect to strain
triaxiality factor shows the similar pattern but with
different slope values as shown in Fig. 10. It is further
noticed from the curve fitting results and its corre-
lation coefficient that the mean strain influences the
void area fraction largely compared to the strain
triaxiality factor.

The mean stress and the stress triaxiality factor are
directly proportional to mean strain and strain
triaxiality factors. Hence, the influence of mean
stress and the stress triaxiality factor on d-factor and
void area fraction are assumed to be similar to that
of mean strain and strain triaxiality factor. The
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combination of lesser stress triaxiality factor (T) and
higher Lode’s factor refers higher severity of triaxial
stress state as described elsewhere (Gao and Kim
20006).

From Fig. 11, it is observed that the Lode’s factor
is lesser with respect to stress triaxiality factor (T),
for sheets annealed at 300°C and the same increases
with decreasing annealing temperatures. It implies
that lesser Lode’s factor promotes higher formability
in sheets annealed at 300°C.

In tension—tension strain condition, the d-factor
has a lower value due to this higher severity of
triaxiality in all the annealed sheets. From the curve
fitting results and high correlation coefficient, it is

clearly understood that the stress triaxiality factor has
very good correlation with the Lode’s factor. There-
fore, it can be concluded that the above studies based
on strain triaxiality factor are meaningful in case of
sheet metal annealed at four different temperatures.
From Fig. 12, it is evident that as the annealing
temperature increases the L/W ratio gradually
decreases. Normally, the L/W ratio is lesser value
in for tension—compression condition to a higher
value for tension—tension condition and it holds good
for all temperatures and as the L/W ratio increases the
proneness to fracture also increases. The sheet
annealed at 160°C shows the highest L/W ratio
compared to other temperature for any given minor
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strain value at fracture (¢,) and the sheet annealed at
300°C shows the lowest L/W ratio and exhibits better
formability. Figure 13, a plot drawn between the ratio
(L/W) voids and shear strain (7;,), shows straight line
with negative slope. Since, one of the strains is tensile
in nature and the other is compressive, the tension—
compression condition exhibits a larger shear strain
(y12). It is also evident that with decrease in the L/W
ratio of the void the increase in shear strain (y;,) is
greater for sheets annealed at 300°C.

As shown in Fig. 14, in a plot drawn between the
ratio (L/W) of voids and the shear strain (},3), the shear
strain (7,3) measured is the lowest in tension—tension
region and the (L/W) ratio of voids is larger for the
sheet annealed at 160°C compared with rest of the

@ Springer

annealed temperatures. The highest slope of the plot in
the case of sheet annealed at 160° and lowest slope in
the case of sheets annealed at higher temperature due
to the recrystallized microstructure and favorable
mechanical properties. The Fig. 15, plots between
the (L/W) ratio of the voids and shear strain (y,3)
shows for all the sheets annealed show negative slope
value, and the range of 5 is higher for sheets annealed
at 300°C, which represents higher formability,
compared to rest of the annealing temperatures.
Figure 16, the plot made between (L/W) ratio and
(712/6m), shows that the (L/W) ratio of void decreases
with the increasing ratio of (y;2/¢,,), which indicates
that the voids are more spherical in nature at higher
temperatures.
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4 Conclusion

Following conclusions can be drawn from the above
results and discussion. Al 5086 alloy annealed at
300°C having lower d-factor shows better formability
compared with rest of the sheets annealed at different
temperatures. Void area fraction (V,) value of the
same sheet is more due to the accommodation of
higher plastic strain. It is also explicit that the same
sheet exhibits higher formability and fracture strain
due to its high m-value, 7-value, and due to its
recrystallized grain structure. The mean strain (ep,)
shows better correlation with d and od factors.
Specifically, the ligament thickness is found to be
lesser for sheets annealed at 300°C, which possess

elongated grains in the microstructure due to strain
induced boundary movements (SIBM), caused by the
elevated thermo mechanical treatment of the cold
worked grains and due to this reason the same sheet
shows better formability and fracture strain. Mean
strain (&,,) also influences the void area fraction (V,)
to a greater extent. Void area fraction (V,) is found to
be larger for sheets annealed at 300°C, due to the
presence of refined, strain free grain structure and
thus exhibits better formability and fracture strain
than the rest of the other annealing temperatures.
Lower Lode’s factor and lesser stress triaxiality factor
for sheets annealed at 300°C is also due to the
presence of stress relieved, recrystallized grain
structure. In addition to that, the same sheet shows
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low L/W ratio, indicating that the voids are of
spherical in nature, and exhibits better formability
and fracture strain. There is a better correlation
between stress triaxiality factor (T) and Lode’s factor.
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