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Abstract

The fracture behaviour of two AA6016 aluminium gHo with different
magnesium content was studied after uniaxial terts$ts. SEM fractographs of
both materials suggest two types of failure medrani The first is characterized
by a sequence of events, i.e. void initiation, giowand coalescence on
constituent particles, whereas the second one a@ndéntified as ductile
intergranular failure. The second type of failuseobserved more often in the
aluminium alloy with higher magnesium content. lothb aluminium alloys,
secondary cracks were found close to the fracturtace on the cross-section
plane of the tensile sample. Orientation contrastaacopy images show that the
secondary cracks were formed either by an intetgaariailure mechanism or by
local plastic instabilities such as shear bandscwisubsequently progress into
cracks. The higher magnesium content gives highength but reduces the
ductility by weakening the grain boundaries.
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1. Introduction

The 6XXX aluminium sheet alloys are introducedhe tautomotive industry as a
potential solution for weight reduction. One exaenfir their application is the
outer panels of cars [1], where the formabilityais important issue but it is
limited by plastic instabilities and failure. Thude understanding of failure
mechanisms and ensuing control could lead to therawement in fracture
resistance of these aluminium alloys.

From a microstructural point of view, the fracturfethis aluminium alloy series
could occur in an intergranular [2-4] or transgidany4-7] mode. The former
mode has been attempted to be avoided becausaisesdow ductility and
fracture toughness. The reason for the intergrarduatile failure of aluminium
alloys has been mainly attributed to the presentepasticles along grain
boundaries or to the existence of a soft regiosecto grain boundaries known as
a precipitation free zone which possibly acts defarmation localization site. In
the case of the former instance, the variety oftigjas reported to induce
intergranular fracture can be precipitates, dispdssor impurities as sodium,
calcium and strontium [3].



In the case of the transgranular ductile failurealiminium alloys, particularly
the AA6XXX series, the failure micromechanisms aseally a sequence of void
nucleation, growth and final coalescence of coaesmnd phase particles. These
particles are often constituents with size lard¢pamt lum, mainly Fe-containing
intermetallics, which have been reported to havdettimental effect on the
mechanical properties [9]. In the case of ductdgufe, the brittleness of these
intermetallics and their weak adhesion to the Atrmdurned them into suitable
sites for void nucleation which can be initiatecaen relatively low strains [6].
However, a combination of both failure behaviowften found in aluminium
alloys in certain conditions. The microstructuradrigbles which affect the
transition from transgranular to intergranulardedl have been reported to be the
size of the precipitate free zone [10], the disitikn of coarse particles, the slip
band spacing during deformation [2, 4] and the esgafion of precipitates or trace
impurities [3] along grain boundaries.

The AA6XXX aluminium alloy series are heat treatabhd their higher strength
is based on precipitation hardening of Mg-Si priaips. The influence of
magnesium on the strength of these aluminium alegs studied by Caceres et
al. [8] on as-cast conditions where increasingahmunt of magnesium leads to
higher tensile strength but reduces the elongaidracture.

The objective of the present study is to analysedtigin of void nucleation of
two AA6016 aluminium alloys with different magnesiucontent subjected to
tensile deformation. Fractography studies togetidr the use of electron back-
scatter diffraction (EBSD) technique on the crosstisn of tensile samples were
used to clarify the mechanisms by which void itidia occurs.

2. Experimental procedure

The material used in this study consisted of twifedBnt variants of AA6016
aluminium alloys of which the principal differentein the magnesium content:
one containing 0.4 wt% Mg, referred to as type 4kl the other one with 0.6
wt% Mg, i.e. type 6Mg. Both alloys were in overagedndition. The
microstructure of both alloys is formed by a similgopulation of plate-like
constituents (equivalent diameter of 4m) embedded in a recrystallized
aluminium matrix. These constituents were recoghiae a-AlFeMnSi and -
AlFeSi and their area fraction in both alloys iswrd 1%. The grain shape of the
aluminium matrix is similar for both alloys but Wwita small difference in size.
The grain intercept length along rolling directien35.2 £ 5.9um and 41.2 + 7.2
um for types 6Mg and 4Mg, respectively.

Uniaxial tensile tests on both aluminium alloys &emade on sheet-type
specimens with a gauge length of 25 mm and a weflth mm; following the
standard ASTM E 8M [12]. The samples were cut fiitie sheet by an electro-
discharge machining equipment. The tensile axishef samples was oriented
parallel to the sheet rolling direction. Three skeapvere tested for each material
type at a constant crosshead displacement rat® ofrd/min, which corresponds
to a strain rate of 0.0045'sThe fracture surface of the broken samples was
analyzed by scanning electron microscopy (SEM).



The cross-section of the broken tensile specimess afterwards prepared for
SEM observation and crystal orientation mappingEBSD technique. The plane
for observation was chosen to be perpendiculdngcsample TD, i.e. the RD-ND
plane. The samples were mechanically polished usiP§ as final polishing step
in order to minimize both particle detachment frme matrix and rounding the
fracture edges which would possibly be produced ebgctropolishing. The
equipment employed for EBSD analysis was a FEI XIiyafe environmental
SEM with an LaRB filament equipped with an EDAX/TSL OIM system. The
crystal orientation maps were made with a step ¢iZE00 nm and a square scan
grid.

3. Experimental results

3.1 Tensile properties and SEM-fractography

The engineering stress-strain
300 curves for alloys containing 0.6
(Type 6Mg) and 0.4 (type 4Mg)
%Mg are shown in Figure 1 while
Table 1 summarizes the
mechanical properties of both
alloys. As was expected [8], the
aluminium alloy with the higher
magnesium content, type 6Mg,
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Figure 1. Tensile stress-strain curve

Table 1 Tensile properties and microhardness df Bét6016 alloys.

Type 6Mg Type 4Mg

Ultimate stress, MPa 262.7 246.6
Elongation at fracture, % 26.09 27.74
Strain-hardening exponent, s=Ke") 0.328 0.344

Strength coefficient K, MPa 569.83 541.99

Vickers microhardness, Hyp 93.76 74.66




The deformation and failure mechanisms act in tlstages as follows. During
tensile tests, the deformation of the samples sconiformly along the gauge
length(i) until the ultimate tensile strength is achieved dre deformation begins
to localize(ii), which finally ends with fractur@ii). SEM-fractographs from the
broken samples of both aluminium alloys reveal ¢kestence of two different
fracture surfaces (cf. Fig. 2). The features agpgan Fig. 2a are characteristic
for one of the fracture surface cases observea aftesample 6Mg. Their main
characteristic is the polyhedral shapes of whiehdize is similar to the grain size
of the material. The polyhedral facets show tramfeshallow dimples which are
generally smaller than dm. This type of fracture surface is usually consedeas
intergranular ductile failure where the plastic atefation occurs before grain
boundary decohesion takes place. The shallow denglggest the presence of
small void initiation sites at grain boundariessgibly caused by small particles.
Another fracture surface observed in some regidriseosamples shows a typical
ductile failure based on initiation, growth and lesaence of voids. The
intermetallic particles are often found to be rewpble for void initiation in
sample 4Mg (Fig. 2b) and even some of these pesti@main in the bottom of
the deeper dimples. In several cases, shallowepldipopulations are located on
the border of the deep dimples which are assumée the product of void sheet
coalescence. Both types of fracture surfaces appdrth materials although the
alloy type 6Mg qualitatively exhibits more zonemasar to Figure 2a than alloy
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Figure 2. SEM fractographs of broken tensile speasnwhere ND is oriented
vertically. (a) Alloy 6Mg displaying a polyhedricahcture surface with shallow

marks of plastic deformation on these surfacess@ lieatures are characteristic
of intergranular ductile failure (b) Alloy 4Mg wita representative zone where
void initiation, growth and coalescence on consetitwparticles is observed. The

constituent particles can still be observed in sdimgles.
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3.2 Damage micro-mechanisms observed in the cextgn

SEM observation of the samples cross-section watema two regions; one in
the zone away from the fracture edge where unifdeformation is assumed and
one close to the fracture edge. In the uniform e&dion region of both alloys,
voids are commonly initiated by either particle-matecohesior(i) or particle
fragmentation(ii). In the first case, the nucleated voids are cerdlong the
tensile axis with a thickness equal to the thicknafsthe particle. The voids can



be located on one or both sides of the particlecdse of fragmentation, the
particle is split in two or more parts. Some voats also observed without any
particles around. It is believed, however, that tietallographic preparation was
responsible for removing the particles from thesily. Not all particles initiate

voids and particularly noteworthy is the fact thle large particles are more
prone to initiate voids than small particles, as ¢® observed in the SEM
micrographs of Fig. 3. In this region of uniformfal@nation, both alloys show no
appreciable difference in the void formation medsiaus.

Figure 3. SEM micrographs of broken tensile spenosnmade in the uniform
elongation zone of aluminium alloy type 6Mg (a) &g (b). In both alloys, the
constituent particles are observed to be fragmeotaetebonded from the matrix.
Also voids without particle in the vicinity are adrsed.

In the region close to the fracture edge of botimathium alloys, another form of
void initiation is observed, which is referred ® @acks due to geometry. These
cracks are roughly oriented at 45° with respectht tensile direction and they
can be observed either with or without constityesnticles. Some examples are
shown in Fig. 4. Based on optical micrographs, titls were counted close to
the fracture edge in one of the tensile speciménge 6Mg, while only 3 cracks
were found in type 4Mg. In the former case, thehier crack was localized
825um away from the fracture edge while the maximumtagise from the
fracture edge in the case of 4Mg was 545 pm.

Figure 4. SEM micrographs of broken tensile spensnelose to the fracture
surface of alloys type 6Mg (a) and 4Mg (b). In tase of (b), the cracks are
extended following the constituent particles.



3.3 EBSD analysis

The nature of some cracks and voids was investgatéoth alloys by EBSD

technique. Fig. 5 illustrates two cases of crackated close to the fracture edge
of 6Mg alloy. In one of the cases (Fig. 5a andtw) cracks are observed along
the grain boundaries. The biggest crack, crack lgdated in the grain boundary
of 3 grains, 2 grains from one side and 1 graimfrthe other side. The

misorientation angles between grain 1 and 2 is°3&nd between grain 1 and 3 is
55.1°. The average crystal orientation of grain® and 3 was used for the above
measurement. The cracks in the grain boundary fdinetween grain 1 and 2 are
thicker, which allows assuming that the crack atés in the grain boundary 1-2
and further propagates to the boundary of graiasdL3.
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Figure 5. Inverse pole figure maps (IPF), (a) ar)d énd SEM micrographs, (b)
and (d), of a zone close to the fracture edge o6@¥6 type 6Mg. Three different
cracks are found in these maps with their origiongl grain boundaries. The
misorientation profile chart in (e) correspondsthe line AB traced in the IPF
map of c). These curves correspond to the misatiemt angle with respect to




point A (P20), the point-to-point misorientation2@® and the misorientation
angle with respect to the average crystal oriesnatonsidering the two adjacent
grains as one.

The crack appears to be stopped in the triple jomcif grains 1, 3 and 4. In the
case of the crack created between grains 5 antie6misorientation angle is
46.7°. Grains 1 and 6 have similar orientationaitmisorientation angle of 4.8°
only.

A different case is observed in Fig. 5¢c and d wlzeceack is observed among two
grains with similar crystal orientations. The misatation among the average
crystal orientation of both regions is 16.9° whisltlose to the transition value of
a high to a low angle GB. A misorientation line fdemalong both regions (AB)
was extracted from the EBSD map of Fig. 5¢ andispldyed in Fig. 5e. It is
observed that the zones closer to the crack shawiantation gradient which can
be compared from the different curves. The oriémtagradient is a product of
plastic deformation and shows that deformationgases in the vicinity of the
crack by a gradual formation of non-redundant dslons.

Fig. 6a and b show cracks situated between twogiaimaterial 4Mg which

form a misorientation angle of 24.4° between thggrage crystal orientations.
This case is similar to the cracks observed on 6jdg.
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Figure 6. Inverse pole figure map (a) and SEM ngcaph (b) of a zone close to
the fracture edge of sample 4Mg. Both cracks whwene found in these maps
have their origin along grain boundaries; IPF mgpafd corresponding SEM (d)
image for a crack originating at constituent p#etic



Fig. 6¢c shows an EBSD scan from a zone containiognatituent particle which
is debonded from the matrix at both ends. The gartseems to be rotated
towards the tensile axis and gives the impresdian it tries to align itself with
the elongation direction of the grain (i.e. tensiles). The particle is found inside
a grain which contains a deformation substructuité wisorientation angles as
high as 30°. The type of microbands observed ia gnain is indicative for a
strong deformation of the matrix.

The smooth orientation gradients found close tergranular cracks suggest some
deformation of the grain boundaries region befoexothesion which is in
agreement with the observations of Evenson ealfrm Laue back reflection
X-ray patterns on the fracture facets.

3.4 Discussions

The SEM fractographs show some aspects of botlhgnateular and transgranular
fracture. However, it is not possible to assert twbethe void initiation has an
intergranular or transgranular origin. When voidemacks have reached a certain
size, their propagation represents the next stem#b failure. In this case, the
propagation can also be achieved by void-sheetsoahce, which is considered
as transgranular, or as intergranular if it follothie grain boundaries. Therefore,
it is not possible to discriminate between theativon and the propagation failure
mechanism by only fractography. More informatiomatbthe initiation mode can
be obtained from broken tensile specimens by amgysecondary voids or
cracks; i.e. voids or cracks lying below fractuweface. For the secondary voids
or cracks the propagation process did not extelysidevelop and thus the
observation of 2 voids will provide information about the initiaticand growth
of the cavities. The use of EBSD technique to ereaystal orientation maps of
the regions surrounding the secondary cracks githes advantage of both
determining the origin of cracks along grain bouretaand proving the existence
of deformation close to these cracks by formatidngeoain substructures.
Therefore it can be said that cracks in both allogsur along grain boundaries
and are accompanied of plastic deformation. Howefedlure by dimple rupture
mechanism from constituent particles is also takphere as it is observed by
fractography. Initiation and growth of the voidspigssible to be observed in the
cross-section of the tensile samples but void soalece could not be observed.
The intergranular failure and the dimple rupturech@mism are in competition in
these alloys, although the former mechanism shbeldgvoided due to its low
energy failure process. The higher amount of cracic the larger intergranular
fracture surface area found in the aluminium alleith higher magnesium
content, type 6Mg, suggests that the intergranaolachanism increases with
higher magnesium content. The action of the magness not only attributed to
the precipitation enrichment of the grain boundaegions but also to the
hardening of the aluminium matrix by the creatiénmmre precipitates. A harder
matrix implies a larger stress on regions of ptastrain incompatibilities such as
grain boundaries and a particle-matrix interfatas Ibelieved that local stresses
along grain boundaries reach a critical value whiigfgers the separation.



4. Conclusions

The study of the void formation during fracture tbe AA6XXX alloys with
variable Mg content displayed that the Mg contdfécis mechanical properties
of the aluminium matrix. The increase of magnesaamtent increases the tensile
strength and the microhardness of the alloy. Howéhe strengthening of the
matrix is accompanied with a decrease in the diyctBased on the assessment of
the fracture surface and secondary cracks, it vessodstrated that the higher
magnesium content increases the regions of inteu¢aa ductile failure and the
number of cracks occurring along grain boundardsvertheless some regions
also failed by void initiation, growth and coalessce of constituent particles. This
transition is attributed to the segregation of mgréioundary precipitates and
additionally to the high level of local stresses grain boundaries as a
consequence of the matrix strengthening.
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