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A study of mechanical properties
and microstructure
in friction stir welded
thin sheet aluminium alloys

E. Cerri, P. Leo, X. Wang, D. Embury

Friction stir welding of very thin aluminium sheets represents a potential goal for aircraft and automotive
industries due to the advantages of using this new technological process. In the present work, the
microstructural evolution and mechanical behaviour of 6082T6-2024T3 thin friction stir welded joints were
investigated. Uniaxial tensile testing at room temperature, 170°, 200° and 230 °C were performed in order to
determine the extent to which these ultra thin joints can be used and deformed. The tensile stress-strain curves
showed a decrease of the flow stress with increasing temperature and decreasing strain rate.

At 230 °C recovery mechanisms (dislocation reorganization inside the deformed grains) initiated but the
temperature was not enough high to produce a homogeneous subgrain structure.
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INTRODUCTION

Friction stir welding (FSW) is a solid state joining method par-
ticularly suited for aluminium alloys, which are often difficult
to fusion weld without hot cracking, porosity or distortion. Du-
ring welding, the material is frictionally heated to a tempera-
ture, at which it becomes extremely plastic. The heat of friction
and plastic flow arising from the rotating tool produce signifi-
cant microstructural changes, which lead to local variations in
the mechanical properties of the weld [1-5]. FSW is being tar-
geted by the industry for structurally demanding applications
to provide high-performance benefits [6]. The weld zone consists
of a stir zone, a thermomechanically affected zone (TMAZ) and
a heat affected zone (HAZ). The grain size in the stir zone is very
fine and equiaxed resulting in a higher mechanical strength and
ductility [7-13].

In FSW the work piece does not reach the melting point and the
mechanical properties such as ductility and strength of the wel-
ded zone are much higher compared to the traditional welding
techniques [14-17].

Actually, this is a core demand of aircraft and car industries to
substitute the traditional joining technologies with low cost and
high efficiency ones such as FSW in the future advanced design.
Recent literature reports examples of FSW of dissimilar alumi-
nium alloys [18-20], as well as aluminium-steel [21,22], alumi-
nium-magnesium [23] and aluminium-silver [24].

Friction Stir Welding (FSW) is well established for making butt
joints in aluminium alloys in material thicknesses from 1.3 to
15mm and plates up to 50 mm thick have been welded experi-
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mentally. In contrast, the welding of thin sheets in thicknesses
of 1mm and below has not been systematically explored. Howe-
ver, production welding of thin sheets, especially involving lap
joints, could provide significant cost savings and improved weld
quality and new design opportunities for numerous industries,
such as aerospace, automotive and electronic packaging.

The aim of this work is to study the deformation behaviour at
warm and room temperatures of very thin FSW sheets of alu-
minium alloys, combined in similar and dissimilar butt joints.
The choice to investigate tensile properties at warm temperature
of straining is related to the feasibility of drawing such thin wel-
ded joints. The joints were characterized by macrographic and
micrographic examinations, microhardness, tensile tests, TEM
and X-Ray diffractometry to follow the microstructure evolution
and mechanical properties variations.

EXPERIMENTAL DETAILS

Two materials form the basis of this study: 2024-T3 and 6082-T6
aluminium rolled sheets of 0.8 mm thick. These sheets have
been friction stir welded by a cylindrical non-threaded probe of
1.7 mm in diameter and 0.6 mm in height (the tool shoulder was
6 mm in diameter). The welding tool was made of 56NiCrMoV7
tool steel. Base materials (Table 1 for chemical composition) were
welded parallel to the rolling directions with a weld and rota-
tional speed of 762 mm/min, 2085 rpm respectively. The weld
parameters were optimised taking into account the mechanical
properties of the softer alloy. The grain size and microstructural
features have been observed by light microscopy on a Nikon Epi-
phot equipped with an image analyzer. For metallographic ob-
servations, samples were mechanically ground and polished up
to 1 um diamond paste. Chemical etching was performed by Kel-
ler’s reagent and if anodized, a solution of 5% HBF, in Methanol
was used to reveal grains by polarized light. Microhardness pro-
files were measured in the cross section of the thin welded joints
by applying a load of 500 g for 15s. Specimens for tensile tests,
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6082T6 0.08 0.78 0.48 0.39 0.95 0.04 0.03 0.05 rem
2024713 4.67 1.34 0.63 0.25 0.15 0.02 0.01 0.06 rem
TAB. 1 Chemical composition (% in weight) of the base materials.
Chemical composition (% in weight) of the base materials.
% with a cylindrical furnace for warm temperature deformation
H + tests.
TEM samples were prepared from the base materials (at least
P 57 : 5 30 mm far away from the stir zone) and from the stir zone on the
i i | |: : rolling plane, due to the very thin cross section. A PHILIPS
I i CM12 TEM was used to characterize the microstructure of sam-
+ . . . .
TR e ples. After mechanical grinding down to approximately a thick-
& ness of 100 um, 3 mm diameter discs were punched followed by
/ twin-jet electropolishing in a 10 vol% perchloric acid in metha-
Ll nol solution, at -35°C and 15V.
. . X-rays diffraction was performed on several strained samples to
FIG. 1 Scheme of tensile samples according to UNI EN sudy precipitate evolution in the strained regions. Measure-
1002/5. ments were carried out with a Cu radiation using a step size of
Schema del campione di trazione second UNI EN 0,05° and step time of 20 s.
1002/5.

with a gauge length of 57 mm, a width of 10 mm and thickness
of 0.8 mm according to UNI EN 1002/5, were machined from the
FSW sheets in order to have the loading axis normal to the wel-
ding direction (Fig. 1). An extensometer was employed to mea-
sure the elongation and it was positioned such that junction line
corresponded to the middle point of the initial gage length. The
tensile tests were performed at 170°, 200° and 230°C and no-
minal strain rates of 10°, 10%, 5x10° s to study the warm tem-
perature deformation behaviour of the similar and dissimilar
joints. A set of tests was run at room temperature at a nominal
initial strain rate of 10* s™. Three tests were run at least for each
experimental condition to assure measurements accuracy. All
the tensile tests were performed by an Instron 4485 equipped

RESULTS AND DISCUSSION

Metallography of the welds

Optical micrographs of the thin friction stir welded joint are il-
lustrated in Figs. 2. The weld exhibits distinct regions as shown
in Fig. 2: the Base Material (or parent material), HAZ, TMAZ and
stirred zone for the 6082T6 on the left side and the stirred zone,
TMAZ, HAZ and BM for the 2024T3 on the right. The stirred
zone is the region where the highest strain is experienced and
where recrystallization occurred. Its microstructure is the re-
sults of the mechanical action of the tool probe that generates a
recrystallization process. By moving towards the BM, no recry-
stallization was observed in TMAZ and in HAZ.

The images also show that these thin joints are of good quality
because no defects or porosity were detected demonstrating the
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FIG. 2

Microstructure of the 6082T6-
2024713 FSW joint with the
advancing side (6082T6)
presented on the left side of
the picture: (a) Heat Affected
Zone (HAZ) of the 6082T6, (b)
Thermo mechanically Affected
Zone (TMAZ) of the 6082T6; (c)
Base material of the 20204T3;
(d) low magnification picture of
the HAZ 2024T3; (e) retreating
side; (f) Base material of the
6082T6; (g) TMAZ and (h) HAZ
of the 2024T3.

Microstruttura del giunto 6082T6-
202473 con I'advancing side sul
lato sinistro della figura: : (a) Zona
Termicamente Alterata (HAZ) of
the 608276, (b) Zona
termomeccanicamente alterata
(TMAZ) della 6082T6; (c)
materiale base della 2024T3; (d)
foto a bassi ingrandimenti di HAZ
2024T3; (e) retreating side; (f)
materiale base della 6082T6; (g)
TMAZ e (h) HAZ della 2024T3.
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complete weldability of these two alloys at the solid state. The
BM, the HAZ and the TMAZ are also clearly distinguishable.

Microhardness profiles

The variation in hardness with distance from the centre of the stir
zone has been measured across the original weld. Fig. 3 shows
the hardness profiles, starting from the BM to the centre of the
weld, in the advancing and retreating directions. The profile dif-
fers for the retreating and advancing side, according to thermal
treatments and microstructure of 2024T3 and 6082T6. In the stir
zone of the 2024713 side, the hardness is in the range of 130-140
HV. The fluctuations are due to onion ring structure present in
the nugget and to associated precipitate distribution which in-
fluences the microhardness measurements from point to point
[26,27]. The microhardness is slightly high in the nugget with re-
spect to the TMAZ and HAZ because of the finer grain size present
in the nugget. The HV profile for the 6082T6 Base Materials shows
values of 105-110 HV (less scattered values respect to the 2024T3
side) but a drop of almost 30 HV in the stir zone is detected. The
starting condition of the 6082 sheet is T6 and during the FSW
process, the temperature in the nugget may even reach 350-450°C
[10, 28], depending on experimental conditions. From a micro-
structure point of view, this can lead to an evolution of precipita-
tes towards coarsening or partial dissolution and results in a
decrease in hardness, even if the grains are refined by the pro-
cess. In Fig. 3, the hardness profiles, taken in the same sample
but at different distances from the top and bottom surfaces, are
compared with the profile measured in the centre of the sample.
It results a difference of also 60 HV in a distance of 1mm around
the nugget centre. In fact, near the top of surface, due to the effect
of the shoulder the heat generated is higher than near the base of
the pin. This could affect hardness. However, depending upon the
geometry of the pin, the plastic deformation around the pin could
be severe which in turn could vary the grain size and possibly af-
fect hardness as shown in Fig. 3. In this paper, in order to have a
reference in hardness measurements, the authors decided to take
HV measures at mid height of every joint.

TEM analysis of original joints

The microstructure of the BM in the 2024T3 is illustrated in Fig.
4. A high density large rod shaped particles (Fig. 4a) containing
Al, Mn, and Cu (see EDX spectrum Fig. 4d) (probably
Al,oMn;Cuy) are visible. It is believed that the rod shaped parti-
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FIG. 3 Microhardness profiles of the thin FSW joint
measured at the middle of the cross section of the
dissimilar joint, at 0.2 mm from the top and at

0.2mm from the bottom.

Profili di microdurezza del giunto misurati al centro
dello spessore, a 0,2mm dalla superficie superiore (top)
e a 0,2 mm dalla sup. inf. del giunto.

cles containing Mn and Cu are formed during solidification.
They are homogeneously distributed in the matrix and aligned
along a preferential direction (rolling direction) in different
grains. A mean radius of 0.05 um and an aspect ratio of 2~3 are
estimated. There was no evidence for the existence of fine par-
ticles. High density dislocations were observed particularly
around the particles (Fig. 4c).

The microstructure of the BM in the 6082T6 is seen in Fig. 5.
Large spherical insoluble particles (Fig. 5a) of Al(Fe,Mn,Cu,Cr)Si
type (see EDX spectrum in Fig. 5b) are homogeneously distri-
buted in the matrix. These particles have an average diameter of
approximately 0.2 um. It is believed that the particles are di-
spersoids, which formed during solidification and that the solu-
tion treatment and aging processes have no substantial effect
on them. In addition, the BM contained a high density of homo-
geneously distributed needle shaped f” precipitates, giving cha-
racteristic streaks in diffraction pattern at high magnification
because of very their fine dimensions (Fig. 5¢).

5 |
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FIG.4 Microstructure in the 202473 BM. TEM micrographs showing (a) AIMnCu type particles, b) EDX spectrum of

particles in (a), (c) dislocation density.

Microstruttura del materiale base 2024T3. Micrografia TEM con (a) particelle tipo AIMnCu, b) spettro EDX delle particelle in

(a), (c) densita delle dislocazioni.
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FIG. 5

Base Material in 6082T6. TEM micrographs showing a) large insoluble particles with (b) EDX spectrum, c)

homogeneously distributed B” precipitates in Bright Field and d) in Dark Field. e) X-Rays diffractometry of the three

zones of the dissimilar joint.

Materiale base nella 6082T6. Micrografia TEM con (a) particelle insolubili, (b) spettro EDX, (c) precipitati 3” omogeneamente
distribuiti (DF) e (d) BF. (e) diffrattogramma X delle tre parti del giunto 6082T6-2024T3.

The detailed precipitates size and distribution were revealed by
dark field image at high magnification (fig. 5d), which showed
that besides majority of 3 precipitates, also a small amount of
precursor of § (GP zone of the AIMgSi system) phase can be
found. There was no evidence for existence of precipitate free
zones (PFZ).

X-Rays investigations have been performed on BM and in the
nugget zones to study particle evolution. Fig. 5e shows the com-
parison of the two base materials with the stirred zone in the
dissimilar joint. X-Rays analysis confirms the presence of Al-
MnCu and AlFe(Si,Cu) type particles in the 2024T3 BM and of
AlFeSi type intermetallics in the 6082T6 BM. The nugget zone
shows no significant presence of intermetallics that can be re-
vealed by X-Rays diffractometry in the same experimental con-
ditions used. Moreover, the Aluminium peaks of the BMs and of
the stir zone perfectly overlap. This means that the lattice con-
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FIG. 6 Base Material in 6082T6. TEM micrographs
showing a) large insoluble particles with (b) EDX
spectrum, c) homogeneously distributed 3"
precipitates in Bright Field and d) in Dark Field. e)
X-Rays diffractometry of the three zones of the
dissimilar joint.

Materiale base nella 6082T6. Micrografia TEM con (a)
particelle insolubili, (b) spettro EDX, (c) precipitati 3~
omogeneamente distribuiti (DF) e (d) BF. (e)
diffrattogramma X delle tre parti del giunto 6082T6-
2024T3.

stants of Al alloys are not changed in the stir zone by the FSW
process and no additional residual stresses are present in the
nugget respect to the Base Materials [29].

Tensile behaviour

The evaluation of tensile properties at room temperature of the
FSW joints is reported in Fig. 6a. The stress-strain curves of
6082T6-2024T3 joint are compared with 2024T3-2024T3 and
6082T6-6082T6 joint curves. The elastic part of the stress-strain
curves overlap showing a good correspondence in elastic mo-
dulus even for the dissimilar joint (= 25x10° MPa). The plastic
behaviour is illustrated by strain hardening occurring in all the
joints. The dissimilar joint shows a median strength of 260 MPa
but has the lower ductility.

Several tensile tests have been performed at temperatures in the
range of 170°- 230°C to study the mechanical response of the
thin joints at warm temperatures of deformation. A complete
evaluation of tensile tests results at all temperatures and strain
rates investigated is illustrated in Fig. 6b, showing the values of
the Yield Strength YS, Ultimate Tensile Strength UTS and true
strain €. The thin dissimilar joint presents values of UTS and YS
quite similar because of fracture occurred at a percentage of
elongation of 2 or 3%. The trend for the UTS and YS is to slightly
decrease with decreasing strain rate and increasing tempera-
ture. In general the ductility is rather poor for the dissimilar
joint even at warm temperature of deformation.

Microhardness measurements have also been performed on the
joint samples after deformation at room temperature (Fig. 7) in
order to evaluate the strain hardening distribution. The strain
hardening contributes to hardness curves of the investigated
joints in different ways. In the 6082T6 side, the strain hardening
contribution to hardness measurements is visible in the nugget
zone, where the hardness profile has a peak instead of being flat
as in the original weld. The region of the weld was the softer one
before deformation. In the 2024713 side, the strain hardening sli-
ghtly contributes to hardness with an increase of few points most
of which in the HAZ and BM respect to the unstrained sample.

TEM analysis of FSW joints after tensile tests at 170°, 200°
and 230°C

In order to investigate the deformed FSW joints by TEM, sam-
ples were cut from the stir zone and far from the welding region
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FIG. 7 Stress-strain curves (a) of dissimilar joints

compared with similar joints and (b) tensile
properties at warm temperature of deformation.

Curve tensione-deformazione (a) del giunto dissimile e
simili; (b) proprieta tensili a temperature di
deformazione intermedie.

in the gauge part of fractured tensile tested samples that defor-
med at 230°C and strain rate of 10° s™'. The examination of these
samples is connected to the time duration of the tests (the lon-
gest - almost one hour) and to the highest temperature of defor-
mation.

Fig. 8 shows the microstructure of the 2024T3 BM in the
6082T6-2024T3 joint after warm temperature straining. In the
sample there are a high density of large rod shaped particles
(Fig. 8a) formed during solidification with similar size as in the
parent material (Fig. 4). They are homogeneously distributed
and align along preferred directions. In addition, fine rod shaped
S’(S) precipitates (Fig. 8b in BF and 8c in DF) formed due hea-
ting during tensile test. Dislocations are also homogeneously di-

FIG. 8 Microhardness profiles of the FSW joint (as
received) compared with joints after deformation
at room temperature and at 230°C, 10* s’'.

Microdurezza del giunto come ricevuto e dopo
deformazione a freddo e a 230°C, 10*s.

stributed in the matrix and PFZs at grain boundaries have not
been found.

TEM micrographs of the 6082T6 BM after warm temperature de-
formation (Fig. 9) show, in addition to near spherical insoluble
particles (Fig. 9b) and needle-shaped B” present in the BM of
the starting sample, a small amount of precursor of § or Q pre-
cipitates (Fig. 9a). Qualitatively, the size of precipitates is simi-
lar to those in the parent material. In this case a PFZ formed at
grain boundaries and the dislocation density is low.

For the nugget (Fig. 10) TEM investigations illustrates very fine
grains (Fig. 10a) and particles encountered in the two alumi-
nium alloys. Some of these grains contain a high number of di-
slocations that are still organizing in cell structures but cell
structure formation appears inhibited by particle interactions.
The mode of fracture of tensile tested sample is shown in Fig.
11. The rupture occurred in the middle of the stir zone after a
slight necking is formed. This behaviour occurred in all the in-
vestigated samples and suggested that the stir zone has a lower
plastic deformation capability than the rest of the sample. For
more accurate examinations of fracture surfaces, tensile sam-
ples were cut close to the fracture surface, in the direction per-
pendicular to the tensile axis, for scanning electron microscopy
observations. Figs. 11a and 11c¢ are fracture surfaces of the dis-
similar joint tensile tested at 230°C, 10 s, while the right co-
lumn shows fracture surfaces from samples deformed at 102 s
SEM investigations demonstrated a ductile mode of fracture in
all the conditions. In these samples, moreover, layers of diffe-
rent thickness (Fig. 11a and 11b) are visible due to the presence
of the two aluminum alloys in the stir zone, together with fine
dimples.

DISCUSSION

The mechanism occurring during warm deformation of the
6082T6-2024T3 joints can be explained with regards to dyna-
mic precipitation and substructure modification in the nugget
during straining. In the FSW joint, it is supposed that the nug-
get and closest zones have experienced peak temperatures bet-
ween 200° and 350°C [30] during the joining process, in a very
short time, due to the thin thickness of the sheets. Particles of
S’(S) and GPB (Guinier-Preston-Bagaryatsky zones) [30-32] type
should be present in the nugget after joining, together with di-
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FIG.9 TEM micrographs of the BM in the 2024T3 after tensile test at 230°C and 10° s”'. Rod shaped AIMnCu particles (a)

and fine S’(S) particles formed during tensile test exposure in BF (b) and in DF (c).

Micrografie TEM del materiale base 202473 dopo trazione a 230°C e 10° s7'. Particelle di AIMnCu (a) e precipitate fini di S’(S)
formati durante il test a caldo in BF (b) e DF (c).

Fezcdic [ ootk Neod shaped 7+ lath shaped O

FIG. 10

TEM micrographs of the BM in the
608276 after tensile test at 230°C and
10° s'. High magnification pictures
showing (a) needle B” particles and lath
shaped Q” and (b) near sphere insoluble
Al(Fe,Mn,Cu,Cr)Si particles.

Micrografie TEM del materiale base 6082T6
dopo trazione a 230°C e 10° s™'. Foto ad
elevato ingrandimento con (a) particelle "
e Q" e (b) particelle quasi insolubili del tipo
Al(Fe,Mn,Cu,Cr)Si.
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FIG. 11
Microstructure in the nugget of the 6082T6-2024T3 joint deformed at 230°C and
10° s’'. (a) Nugget zone showing small grains and particles, (b) particles inside
grains.

Microstruttura nel nugget del giunto 6082T6-2024T3 deformato a 230°C e 10° s™. (a)
mappa del nugget che mostra grani fini e (b) particelle dentro i grani.
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spersoids of the AIMnCu type, already found in the 2024T3 BM.
The aspect ratio of these large particles is modified due to ther-
momechanical process of joining. The warm temperature of de-
formation of these joints, i.e. at 230°C, induces modification of
dislocation organization and interaction between dislocation and
precipitates as a function of the imposed strain rates. The elon-
gation becomes rather poor with decreasing strain rate at 230°C.
TEM performed in these joints have shown the presence of S’(S)
precipitates, coarse and fragmented AIMnCu particles, and di-
slocation homogeneously distributed. The reason of a decrea-
sing ductility with decreasing strain rate may reflect a
progressive decrease of strength due to strain localization. On
the other hand, homogeneity of deformation has been kept at
the lower strain rate, because the smaller precipitates had in-
sufficient time to change (duration time almost 60s for tensile
test performed at 103s™).

The deformation mechanism in the dissimilar joints is complex
because the weld zone is the results of mixing the two alloys as
seen in Fig. 10. The elongation to failure seems to be rather poor
and the ductile fracture surfaces present very fine dimples but also
voids of at least 50 um in length (as measured by SEM) under the
upper surface. The premature rupture of the dissimilar FSW joints
may be caused by premature void formation during tensile tests
under onion rings. According to the optical micrograph shown in
Fig. 2, the bigger voids seen in Fig. 11c¢ and 11d belong to the
6082T6 alloy. So it is the softer alloy (the 6082T6) that determi-
nes the mechanical behavior during tensile deformation of the dis-
similar joints, in the range of investigated temperatures and strain
rates. Concerning the microstructure of the dissimilar joints du-
ring deformation, TEM investigations have shown the presence of
particles belonging to 6082T6 and 2024T3 alloy, depending on
which zone was investigated in the nugget.

SUMMARY AND CONCLUSIONS

Very thin FSW joints in 6082T6-2024T3 aluminium alloys of 0,8
mm in thickness were subjected to a number of tensile tests at
room and warm temperatures combining heating (typical aging

FIG. 12

Mode of fracture of the
6082T6-2024T3 FSW joints,
tensile tested at 230°C and
at 10* s (left column) and
at 10° s (right column). (a)
and (b) low magnification
picture showing the fracture
occurring in the middle of
the stir zone; (c) and (d)
high magnification
micrographs showing
dimples.

Tipologia di frattura nei giunti
6082T6-2024T3 trazionati a
230°C e 10* s (colonna di
sinistra) e 10° s (colonna di
destra). (a) e (b) foto a basso
ingrandimento della zona di
frattura in mezzo al nugget; (c)
e (d) microvuoti nelle zone di
frattura.

temperatures) at the same time with plastic deformation. The
aim of these experiments is to gain some understanding on me-
chanical properties and on the effect of plastic deformation on
the microstructure of very thin aluminium alloy FSW joints. The
microstructure evolution was studied by polarized light micro-
scopy, TEM and X-Rays. The following conclusions were drawn
from the results.

* the thin FSW joints showed the capability to undertake tensile
stress at room temperature and at warm temperatures of de-
formation. The stress decreased with increasing temperature
and decreasing strain rate. The ductility of the thin joints was
in general rather poor and quite independent by temperature
and strain rate. As the aim the tensile tests conducted at warm
temperatures was to understand the capability of these thin
joints to be deformed for technological process like drawing or
similar operations, one can conclude that the warm tempera-
ture induces a decrease in the flow stress and this can be po-
sitive, but there is not an increase in ductility to permits
strong deformation processes for these thin joints.

TEM investigations performed on the parent materials and on
the strained joints evidenced: a) in the 2024T3 BM the preci-
pitation and growth of S’ type phases that help the micro-
structure to have a higher strength than the 6082T6. No PFZ
were observed at grain boundaries. b) In the 6082T6 BM, "
precipitates were already present from the beginning because
of the T6 state and during warm temperature deformation,
they grow slightly lowering their contribution to the strength.
Moreover, PFZ were observed in these joints. ¢) The warm de-
formation temperature of 230°C was enough to permit the di-
slocations to reorganize inside the deformed grains but not
enough to have a homogeneous subgrains structure.

Tensile specimen fractured in the middle of the stir zone after
straining at room temperature or at warm temperature of de-
formation in a ductile mode. Anyway, even if the ductility was
comparable in different specimens, the microvoid size, distri-
bution and coalescence is variable from sample to sample, pro-
bably depending on the dominant void nucleation mechanism.
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Abstract
Studio delle proprieta meccaniche e microstruttura
di giunti FSW ultra sottili dissimili in lega di alluminio

Keywords: alluminio e leghe, precipitazione, deformazioni plastiche, saldatura,
difrattometria, metallografia, microscopia elettronica, prove meccaniche

Giunti sottili di spessore 0,8mm sono stati ottenuti per Friction Stir Welding, unendo lamine di 6082T6 e 2024T3. I giunti FSW
sono stati sottoposti ad una serie di prove di trazione a temperature ambiente e a temperature intermedie, nell’intevallo di 170°-
230°C e velocita di deformazione comprese tra 102 e 10° s allo scopo di valutare la deformabilita plastica dei giunti stessi. Le
temperature di deformazione scelte sono tipiche temperature di invecchiamento per le due leghe in questione, per cui queste prove
di trazione combinano la deformazione plastica a temperature tipiche dell’invecchiamento.

L'evoluzione microstrutturale dei giunti ultra sottili & stata studiata con microscopia ottica in luce polarizzata, microscopia elet-
tronica in trasmissione e diffrattometria X. I giunti sottili hanno mostrato la capacita di sopportare tensioni sia a temperature am-
biente che a temperature intermedie. La tensione di solito diminuiva con 'aumentare della temperatura di prova e il decrescere
della velocita di deformazione. La duttilita di questi giunti e risultata in genere bassa ed indipendente dalle condizioni di prova.
Poicheé lo scopo di condurre test a quelle temperature era anche la valutazione della capacita di questi giunti di essere deformati
in processi tecnologici come stampaggio o operazioni simili, si & evidenziato che la deformazione a temperature intermedia in-
duce una diminuzione nella tensione di flusso e questo puo essere positive, ma non risulta un livello di duttilita tale da permet-
tere forti deformazioni di questi giunti.

Le osservazioni al TEM effettuate sui materiali base e sui giunti deformati, hanno mostrato la presenza di precipitati e costituenti
microstrutturali appartenenti ai due sistemi di leghe coinvolte nel processo di FSW, in funzione del trattamento della lamiera pre-
saldatura ed in funzione della esposizione alle temperature coinvolte nel processo e nella deformazione.

I campioni hanno mostrato la zona di frattura sempre in mezzo al nugget con un meccanismo di frattura duttile, sia a tempera-
tura ambiente che a temperature superiori. Inoltre, anche se la duttilita &€ pit 0 meno la stessa in campioni deformati in condi-
zioni diverse, la distribuzione e le dimensioni dei microvuoti differisce da campione a campione, probabilmente in funzione del
meccanismo dominante di nucleazione.
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