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In this study, 5083 Al–Mg plates were friction stirred at optimal rotation speeds to investigate the tensile
properties and vibration fracture resistance. As a result, grain refinement could be observed at the stir zone
with 7 �m average grain size and fine particles could be observed as well. The tensile strain–elongation
curves reveal that the tensile strength and elongation tended to increase as the microstructure was
refined in the friction stirred sample. The D–N curves of the specimens recorded under an identical initial
deflection show that there was a slight difference between the parent metal and the friction stirred
083 alloy
riction stirring
–N curve
rack propagation

sample. A refined grain size is partially responsible for an improvement in vibration fracture resistance;
however there is another factor which plays a role too. It should be noted that the deterioration of
vibration fracture resistance is a consequence of fine particles stirred into a softened matrix. From the
crack propagation results, an intergranular crack propagation feature can be recognized in the friction
stirred specimen, and it is reasonable to suggest that the fine particles played an important role in the
deterioration of the vibration fracture resistance.
. Introduction

The need to reduce the weight of components has led to an
ncrease in the use of lightweight materials such as aluminum
lloys. The 5083 aluminum solid-strength alloy which has excel-
ent formability, good strength and high corrosion resistance is

idely used in the automotive and shipbuilding industries. More-
ver, the steel wheels in large vehicles are gradually being replaced
y aluminum wheels for the sake of reducing the weight of the car.
he aluminum wheels in large vehicles not only have to undergo
joining process but are also subjected to repeated cyclic loading

rom rough roads. When aluminum wheels perform under adverse
ircumstances, vibration cracks often initiate at the stress concen-
ration or the lower strength area on the surface and grow into
he body of the wheel. The 5083 alloy practically implemented in
luminum wheels shows a tendency towards abnormal vibration
a common cause of failure in aluminum wheels). Severe fracture
roblems occur especially when the applied vibration frequency
eets the resonance [1]. Consequently, the resonant vibration frac-
ure behavior needs to be thoroughly explored.
Meanwhile, the traditional joining process is not suitable for

luminum alloys because of the higher electrical and thermal con-
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ductivities. These will lead to higher energy consumption. Friction
stir welding (FSW) is a solid-state joining process. Because the melt-
ing point of the alloys will not be reached during the joining process,
there is no porosity and shrinkage that usually accompanies fusion
welds. Thus it is especially suitable for welding aluminum alloys [2].
Friction stir processing (FSP) is a derivative process of friction stir
welding. Stir zones in which FSW/FSP are performed can acquire
the advantage of grain refinement [3,4]. According to many previ-
ous reports [3–5], the friction stir zone possesses fine recrystallized
grains resulting from severe plastic deformation. 5xxx aluminum
alloys have great potential for refining the microstructure through a
deformation process and the mechanical properties of Al–Mg alloys
can be enhanced [6,7]. This study focuses on the formation of fine
grains through dynamic recrystallization in the stir zone and will
furthermore clarify the effect of microstructural evolution on vibra-
tion fracture behavior. 5083 Al–Mg alloy was chosen to explore
the damping capacity and the vibration fracture behavior under
resonant vibration.

2. Experimental procedures

5083 Al–Mg plates were heated at 625 K for 2 h to achieve a fully annealed
microstructure, and then the fully annealed plates were given a single pass of FSP

as shown in Fig. 1 (tool rotation speeds were 2300 min−1; tool moving speeds were
fixed at 160 mm min−1 with 1.5◦ of tool angle; the downward push force was con-
trolled at 19.6 MPa). The chemical composition of the 5083 plate is listed in Table 1. In
this study, the parent metal and friction stirred 5083 alloy specimens are designated
as 5083 and 5083-FSP respectively.
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Fig. 1. Schematic illustration of the friction stir process (FSP).

Table 1
Chemical composition of the 5083 alloy used in this study.
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Fig. 2. Schematic illustration of the tensile specimen (FSP).

F

Mg Fe Cr Si Mn Al

5083 4.31 0.18 0.1 0.07 0.89 Bal

The microstructural features of the specimens were examined by optical
icroscopy (OM) and transmission electron microscopy (TEM). thin-foil disk spec-

mens of HF2000 FE-TEM were cut 3 mm in diameter from the stir zone and were
hen jet electropolished by an electrical discharge machine in a 50 ml HNO3 + 200 ml
H3OH solution at 248 K. To study the Vickers hardness profile in the vicinity of the
tir zone, the Vickers indenter was set to a 0.98 Nf load for 15 s. In the tensile test, in
rder to examine the effects of the microstructural features and tensile properties,
he strain rate was fixed at 8.3 × 10−4 s−1, and a tensile specimen with 15 mm gauge
n length and 3 mm in thickness was used. As indicated in Fig. 2, the FSP specimens

ere longitudinal to the stir zone.
The vibration specimen and its dimension are illustrated in Fig. 3(a). To generate
he vibration, one end of the test specimen was clamped on a vibration shaker. The
wo V notches adjacent to the clamp were designed to confine the resonance at the
tir zone and restrict crack initiation from the notch fronts. In this study, two kinds
f vibration test were performed. First, acceleration of the vibration shaker was fixed

ig. 3. Shape and dimension of the resonant vibration test specimen for (a) vibration geo
Fig. 4. Schematic drawing of the cracking features generated by resonant.

at 1.1G (17.8 m/s2). Second, the initial deflection was adjusted to 6.5 mm. Deflection
of the specimen at the other end opposite to the vibration shaker was measured
by a deflection sensor. As shown in Fig. 3(b), in order to determine the resonance
frequency which led to the largest deflection, the vibration frequency was varied
continuously. For both the 5083 and 5083-FSP specimens, the resonant frequencies
were in the range of 41 ± 1 Hz. Fig. 3(c) schematically depicts the vibration setup.

The microstructural differences of the specimens on the crack propagation paths
were examined by an optical microscope equipped with an image analyzer. All spec-
imens were surface finished by polishing with 0.3 �m Al2O3, so the cracking path
through the microstructure could be directly observed. Consequently, quantitative
data of crack tortuosity could be determined by the method shown in Fig. 4. The
crack tortuosity value can be defined as the main crack length divided by the pro-
jected crack length along the notch direction (shown by the broken line in Fig. 4).

The projected crack length is parallel to the tip direction of the two V-notches (i.e.,
the notch on the stir zone, as indicated in Fig. 4).

metry and dimension, (b) resonant frequency, and (c) the resonant vibration setup.
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Fig. 5. Optical Microscopic of (a

Table 2
Tensile properties, average grain size and n value of the 5083 alloy.

Specimen U.T.S. (MPa) Y.S. (MPa) U.E. (%) T.E. (%) d (�m) n

3

3

p
s
a
5
w
c
i
d
i
a
d
i

5083-FSP 332.4 175.7 20.3 25.9 7 0.27
5083 319.5 142.3 16.0 22.7 30 0.34

. Results

.1. Microstructural feature and tensile properties

Fig. 5(a) shows that the 5083 specimen has a typical metallogra-
hy. As indicated in Fig. 5(b), the 5083-FSP has a fine equiaxed grain
tructure in the stir zone. In terms of the average grain size, there is
significant difference between the microstructure of the 5083 and
083-FSP samples, as shown in Table 2. Though the 5083 sample
as given a full annealing treatment, its aspect ratio through the

ross section is 1.9:1. The TEM images of the specimens are shown
n Fig. 6. The 5083 specimen, exhibiting coarse grains with a low
ensity of dislocation and a high density of fine particles, is shown
n Fig. 6(a). Fig. 6(b) shows that 5083-FSP had fine equiaxed grains
nd sub-boundaries with a low density of dislocation and a high
ensity of fine particles. Meanwhile, finer particles are observed

n the vicinity of the equiaxed grains in the 5083-FSP as shown in

Fig. 6. TEM micrographs of (a)
) 5083, and (b) 5083-FSP.

Fig. 6(b), whereas the particles in the 5083 specimens are shown in
Fig. 6(a).

In addition, microstructural imhomogeneity of the 5083-FSP
specimen can be observed from the microhardness profiles along
the cross section of the stirred specimen, however, from the base
metal to friction stirred zone, the microhardness profiles show a
slight difference as represented in Fig. 7. Nevertheless, it should
be noted that even slight variations in microhardness can cause
significant changes in fracture resistance. Consequently, in the fol-
lowing tensile test, in order to eliminate the influence of advancing
or retreating microstructure, specimens were cut entirely from the
stir zone. Fig. 8 shows the stress–elongation curves, both the 5083
and 5083-FSP specimens have a serrated yielding behavior. It is
clear that the friction stirred specimens displayed an improvement
in deformation resistance, and this can be easily proven by com-
paring the results shown in Fig. 5 which clearly show that grain
refinement is very effective in enhancing tensile properties.

3.2. Vibration fracture resistance and crack propagation features
Fig. 9 shows the vibration test results presented in the form of
D–N curves (deflection amplitude vs. number of vibration cycles).
The D–N curves suggest that the deflection amplitude can be classi-
fied into three stages. As illustrated in Fig. 9(b), both the 5083 and

5083, and (b) 5083-FSP.
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Fig. 7. Hardness profile across the stir zone.

083-FSP specimens exhibit the same trend of increasing deflec-
ion in the initial stage and decreasing deflection in the final stage.
he figure also shows a distinct plateau stage of maximum deflec-
ion in-between the initial ascending stage and the final descending
tage. Sometimes the D–N curves do not possess a distinct plateau
tage as shown in Fig. 9(a).

Fig. 9(a) shows that the D–N curves of both test specimens
ere recorded under an identical acceleration (1.1G). The 5083 and

083-FSP samples had no distinct difference in their D–N curves.
his is probably related to the stirring area which occupied only a
mall area of the vibration sample. To avoid the effect of damp-
ng capacity, in this study, the vibration force of the specimens

as controlled to obtain identical initial deflection amplitudes. This
llowed us to measure the vibration cycle of the D–N curves under
onstant vibration strain conditions (i.e., identical initial deflection

onditions). Under the initial deflection of 6.5 mm, the D–N curves
f the friction stirred samples are only slightly better than the base
etal. These results can be further compared with their n values as

hown in Table 2. The slope of ascending deflection amplitude of
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Fig. 8. Relation between stress and elongation.

the 5083 specimen which has larger n values is also steeper. Con-
sequently, the 5083 specimen has better work hardening behavior.
This can be attributed to its microstructural characteristics result-
ing from the annealing treatment which lowered the vibration
fracture resistance.

Furthermore, the vibration fracture features can also be exam-
ined by observing the fracture surfaces. Fig. 10 reveals a significant
difference in the 5083-FSP and 5083 specimens. Fig. 10(b) shows
the 5083-FSP specimen with a faceted fracture pattern which
resulted from its fine equiaxed grain structure. The 5083 specimen
has a typical feature in the propagation regime. The vibration frac-
ture surfaces reveal signs of ductile fracturing which gave rise to
rugged crystal planes as shown in Fig. 10(a). As for the vibration
fracture resistance, the crack propagation behavior will be influ-
enced by microstructural variations. Fig. 11 reveals that there is
a significant difference in the crack propagation behavior of the

5083 and 5083-FSP specimens. The 5083 specimen shows a few
slip bands in the vicinity of the main crack when the deflection
amplitude reached the maximum, which is shown in Fig. 11(a).
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Fig. 10. SEM micrographics showing the fracture surface of (a) 5083, and (b) 5083-FSP.

Fig. 11. SEM micrographs showing the crack propagation behavior of (a) 5083, and (b) 5083-FSP (at maximum deflection).
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Fig. 12. Optical microstruct

eanwhile, when the deflection amplitude of the 5083-FSP speci-
en reached the maximum, no slip band appeared in the vicinity

f the main crack. This is probably related to the formation of fine
rains through dynamic recrystallization in the vicinity of the stir
one. In addition, from observation of the main cracks on the etch-
ng specimens of the 5083-FSP and 5083 samples, few differences

ere found as illustrated in Fig. 12. The crack propagation path of
he 5083-FSP specimen is straighter, actually passing through the

rain boundary in some places, as shown by an arrow, and this is
robably one of reasons why the vibration fracture resistance of
he 5083-FSP sample was reduced. The microstructural feature in
he vicinity of the notches region can be then elucidated. Conse-
(a) 5083, and (b) 5083-FSP.

quently, as shown in Figs. 12 and 9, the cracking features of the
vibration specimens are related to the crack propagation behavior
and their vibration fracture resistance.

4. Discussion

It has been confirmed that the effects of microstructural evo-
lution on tensile properties and vibration fracture resistance of

friction stirred Al–Mg alloy are related to the microstructural fea-
ture [8]. In addition, referring to FSW process, previous reports also
suggest that those fine equiaxed grains at the stir zone are a con-
sequence of dynamic recrystallization during the stirring process
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Fig. 13. The distribution of constituent particles mainly consists of Al, Mn, Fe in

f the material. In general, after grain nucleation, there is a pos-
ibility that the dynamically recrystallized grains will experience
rain growth as the stirring operation continues [9–11]. Accord-
ng to a previous report mentioned above [12], the effect of grain
ize on the tensile properties of annealed Al–Mg alloy is that the
roof stress tends to increase as the grain size decreases, and so
oes the uniform elongation. Although refining the average grain
ize can actually improve the proof stress, slight variations in uni-
orm elongation can still be recognized. Nevertheless, from Fig. 8,
t should be noted that the effect of average grain size on the uni-
orm elongation of the friction stirred sample does not follow the
bovementioned tendency though the average grain size was sig-
ificantly refined by friction stirring. It is reasonable to suggest that
he slight improvement of uniform elongation is affected not only
y grain size, but also by other microstructural characteristics such
s textural differences and fine particles resulting from high tem-
erature deformation and dynamic recrystallization. The effect of
icrostructural characteristics should be further examined.
The D–N curves (deflection amplitude vs. numbers of vibra-

ion cycles) of the samples could be divided into three stages. In
tage I, the initial deflection amplitude is inversely proportional
o the damping capacity and the deflection amplitude slightly
ncreases with an increasing vibration cyclic number. According to
ur microhardness test data on the 5083 alloy, this stage of ascend-
ng deflection is associated with increasing work hardening. This
ncrease of work hardening can raise the effective elastic modulus,

hich can than increase the deflection by reducing the damping
apacity. After Stage I, the deflection amplitude increases with a
reater vibration cyclic number but not significantly. This duration
s designated as stage II and it may result from a lower damping
apacity due to strain hardening. As the vibration proceeds, stage
II with a drastically decreasing deflection begins. The descending
eflection in stage III is due to the deviation of the actual vibra-
ion frequency from the resonant frequency caused by the inward
ropagation of major cracks [13].

Fig. 9(b) shows that both D–N curves have a similar vibration
yclic number when the specimens are tested under constant ini-
ial deflection amplitude. Our previous study indicated [12] that
he friction stirred Al–Mg alloys had the fine equiaxed recrystal-
ized grains and lower deflection slope (a lower n value) which
ould reduced the driving force of crack propagation. Consequently,
he refining of dynamically recrystallized grain size is advanta-
eous to the vibration life. This result (Fig. 9(b)) suggests that other
icrostructural factors, in addition to grain size, affect the vibration
racture resistance. To examine the other microstructural factors,
etails of the microstructure were observed by TEM and SEM. The
articles in the 5083-FSP sample were finer than those in the 5083
-FSP sample (a) a SEM image, and (b) the chemical composition analysis (EDS).

sample, which resulted from high temperature deformation during
FSP as shown in Fig. 6(a) and (b). Sato et al. [14] showed that many
Al6 (Mn, Fe)-type particles were homogeneously distributed in the
Friction Stir weld of 5083 alloy. The distribution of the Al6 (Mn,
Fe)-type particles is similar to that of fine particles observed in the
present as-received 5083 alloy. Moreover, larger intermetallic par-
ticles [such as Al6 (Mn, Fe) get fragmented to smaller particles due
to severe plastic deformation during FSP [15]. A previous study [14]
has also shown that the solvus temperature of the Al6 (Mn, Fe) is
higher than the solidus temperature of 5083 Al–Mg alloy. This sug-
gests that Al6 (Mn, Fe) is not dissolved but stirred with the softened
matrix during FSW because FSW is a solid-phase process. Therefore,
these particles probably remain in the stir zone of the friction stir
welded 5083 Al–Mg alloy, although they can not be clearly observed
in TEM images of the stir zones (Fig. 6) due to the very fine grain
size. Since Al6 (Mn, Fe) particles are incoherent to the matrix, they
derive the strength of Al alloy through Orowan hardening [16]. In
addition, during an analysis of friction stir welds in 5083-O, Svens-
son et al. [17] found significant variations in the number density of
particles between the nugget and the base material. It was found
that the density of large (1–10 �m) Mg–Si–O particles reduced in
the nugget compared to the base material, and although this was
compensated somewhat by an increase in small (0.1–1 �m) par-
ticles, it is possible that some dissolution occurred. Fig. 13 also
shows that the distribution of large particles mainly consists of Al,
Mn and Fe. The EDS analyses of several large particles in all the
regions showed most particles to have roughly the same compo-
sitions as those particles shown in Fig. 13. Several studies [18,19]
have detected many Al6Mn-type particles in Al alloy 5083, which
suggests that the particles in the weld are Al6 (Mn, Fe). In this study,
the Al6 (Mn, Fe)-type particles were also significantly distributed
in the 5083-FSP sample.

In addition, previous study pointed out [14] that the particle
distribution could influence the hardness. The Orowan mechanism
indicated that the effect of small particles on hardness was roughly
uniform throughout the weld. It suggests that the hardness profile
mainly depend on the particle distribution in the friction-stir-weld
Al alloy containing many small particles. Gliding of mobile dis-
locations alters from shearing of precipitates to Orowan looping
if the precipitates are incoherent. [13] Hence as observed in this
study, slip band cracking does not appear in the resonant vibra-
tion of the 5083-FSP specimen (Fig. 11(b)). In the stir zone of the
5083-FSP sample, the fine particles act as obstacles to the dislo-
cation movement. This situation suggests that fine particles work

more dominantly as obstacles than the grain boundaries because
the particles pin the mobile dislocations at smaller intervals than
the grain boundaries. This can be correlated with parts of inter-
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Table 3
Crack path tortuosity of the 5083 alloy.
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Specimen 5083-FSP 5083

Crack path tortuosity 1.08 1.12

ranular cracks path shown in Fig. 12(b). As a result, a significant
ifference in vibration fracture path is recognized in Table 3, which

s correlated with the variation in crack tortuosity. In this study, the
istribution of finer particles within the dynamic recrystallization
rains plays more important role in affecting the vibration fracture
esistance. It would be possible to argue that the distribution of the
mall particles in the stir zone is the main reason why the vibra-
ion fracture resistance of the 5083-FSP samples is not significant
mproved.

. Conclusion

According to the experimental results discussed in the previous
ections, the following conclusions can be drawn:

. Owing to the increase of work hardening, the deflection
increases with increasing number of vibration cycles in the initial
stage, which is related to the n value. In the final stage, the crack
length is sufficiently large and hence the vibration is no longer
resonant. Crack propagation in this stage causes the deflection
to decrease with increasing number of vibration cycles.

. As compared with the parent plate, after FSP, the microstructures
of specimens achieve grain refinement. The tensile deformation
resistance and uniform elongation will increase after the FSP
is performed. In particular, the yield stress can be significantly

improved after the microstructure is refined during dynamic
recrystallization.

. The vibration life can be defined as the number of critical
vibration cycles when the deflection amplitude drops from the

[

[

ompounds 509 (2011) 7466–7472

maximum deflection. The D–N curve shows the vibration frac-
ture resistance of the friction stirred sample is only slightly better
than that of base metal.

4. Judging from the microstructural feature, it can be concluded
that the crack propagation resistance is not only grain size
dependent but also fine particle dependent.
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