
Introduction
     As the automotive industry ad-
dresses environmental concerns, the
problems of fuel consumption and
weight reduction have come to the
fore. Reducing the weight of automo-
biles is one of the primary means by
which their fuel consumption is low-
ered. In addition to saving fuel, weight
reduction is a very effective way to im-
prove the car’s driving and drifting
abilities. It improves just about every-
thing a car has to offer: acceleration,
braking, handling, and CO2 emission.

To comply with all of the previously
mentioned changes, automotive man-
ufacturers worldwide are exploring al-
ternative lightweight materials such as
aluminum. 
     Aluminum alloys are not only light-
weight materials, but they also have
excellent corrosion resistance, high
workability, good thermal conductivi-
ty, and highly recyclable properties.
For these reasons, aluminum is ex-
pected to replace many parts in the au-
tomotive industry. The processing and
manufacturing process plays a vital
role in the final properties of alu-

minum and aluminum alloys. For ex-
ample, liquid phase processes such as
conventional casting are cost effective
but cannot be used to make compo-
nents for critical applications since low
mechanical property levels can be ob-
tained as a result of coarser mi-
crostructural features commonly asso-
ciated with conventionally cast materi-
als. Alloys produced by atomization
followed by powder metallurgy (PM)
consolidation and extrusion to the fi-
nal shape overcome the formation of
coarse grains, coarse constituents, and
macrosegregation because of the high
cooling rates. Therefore, these PM al-
loys are characterized by very fine, ho-
mogeneous, and segregation-free mi-
crostructures combined with a fine
distribution of intermetallic particles.
Powder metallurgy alloys are now a
potential alloy for the Wankel rotary
engine housing and the single rotary
piston to reduce weight of these com-
ponents compared with the heavier
conventional quench and tempered
steel. Reducing the weight of these
components would, in turn, reduce the
amount of necessary counterweight,
and therefore reduce acceleration loss-
es (Refs. 1, 2). 
     The PM alloys help to realize supe-
rior properties but have limitations re-
lated to the dimensions of the compo-
nent and, in addition, involve high
costs (Refs. 3–7). As the component
size increases, the extrusion process
becomes difficult to perform, the pow-
er needed is proportionally increased,
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and the cost becomes unaffordable.
Therefore, a need for a joining process
to assemble different extruded parts is
necessary.
     Friction stir welding has the poten-
tial to join PM Al alloys since it has been
systematically developed for joining alu-
minum alloys. It is proving to be far
more forgiving to use than arc welding
techniques and can consistently pro-
duce long welds, especially between ex-
trusions of high quality, low cost, and
with very low distortion since the weld
is made in the solid phase (Refs. 8, 9).
Additionally, PM processed aluminum
alloys suffer from three major mi-
crostructural problems that limit their
full potential: prior-particle boundaries
with an aluminum oxide film, mi-
crostructural inhomogeneity, and rem-
nant porosity. These microstructural
features particularly hamper the ductili-
ty in very high-strength aluminum al-
loys and impede the welding process as
well. Therefore, in addition to the need
for a welding process to join the materi-

al, a microstructure homogenization
process is also required. The unique ad-
vantages of FSW, in respect to welding
and microstructure homogenization,
can easily overcome the limitations of
welded PM aluminum alloys and en-
hances their mechanical properties
(Refs. 8, 10–13). 
     In recent years, several studies have
been concentrated on friction stir pro-
cessing of aluminum alloys, PM alloys,
and composites to homogenize and re-
fine the microstructure (Refs. 13–16).
However, as far as we know, little or
no studies have been reported on PM
aluminum alloys after final forming by
the extrusion process. In this study, a
eutectic PM Al-Si alloy after extrusion
has been welded by the FSW process.
Therefore, this research has been
aimed at investigating the microstruc-
tural features, phase analysis, and me-
chanical properties of the joints.

Experimental Work

Material

     The starting material was an air-
atomized powder aluminum alloy sieved
to <150 m (Mepura Metallpulverge-
sellschaft m.b.H, Austria) with a density
of 2.775 g/cm3. Consolidation was done
by cold compaction using an external
pressure of 200 MPa. The bulk material,
having 300 mm diameter and 750 mm
length, was hot extruded into two half
sections with a reduction ratio of 9:1 af-
ter holding for 12 h at 450°C. None of
the extruded bars showed blistering or
cracking on the surface. The chemical
analysis of the alloy after extrusion is

given in Table 1. Two 20-mm-thick ex-
truded sections were assembled by tack
welding before FSW to produce the ro-
tary engine housing. Figure 1 shows a
sample of the extruded sections and the
configuration of the joint before 
welding. 

FSW Process

     The workpiece was placed on a
backup plate and the whole geometry
was rigidly clamped with a jig to pre-
vent lateral movements during FSW.
Figure 2 shows the workpiece clamped
in the jig before the FSW process. 
     A welding tool having a 16-mm pin
diameter made from tool steel was
used. The tool axis was tilted by 2 deg
with respect to the vertical axis of the
plate surface. The applied rotation
speed was 500 rev/min, with a travel-
ing speed of 200 mm/min, and a com-
pressive force of 35 kN. The FSW tool,
fixed in the holder, was slowly pushed
into the PM Al plate and then forcibly
traversed along the joint until the end
of the weld was reached. The welding
tool was then retracted while the tool
continued to turn. 

Microstructure and Mechanical
Testing 

     The cross sections of the joints
were prepared for metallographic
analysis with standard grinding and
polishing techniques. Selected samples
were subsequently etched for 30 s with
a solution comprised of 50% water,
15% HCl, 25% HNO3, and 10% HF.
The microstructure of the joints was
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Fig. 1 — Samples of extruded sections and the joint configuration before welding.

Fig. 2 — The workpiece clamped in the
jig before FSW. 
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examined with a light optical micro-
scope and grain size measurements
were performed with digital image
analysis software. A scanning electron
microscope (SEM), equipped with an
energy-dispersive X-ray (EDX), was
used for chemical analysis. 
     For the tensile tests, 140-mm-long
flat samples and 115-mm-long round
samples were prepared in accordance
with DIN 50125 at room temperature
(Ref. 17). The weld was centered in the
gauge section and the loading axis,
normal to the welding direction, was
applied. Sixteen round and flat sam-
ples were used to calculate the average
yield strength, tensile strength, and
ductility of the joints. Tensile strength
was determined by dividing the maxi-
mum load required during testing by
the cross-sectional area. It is worth
noting that transverse weld specimens
normally provide a measure of joint ef-
ficiency in terms of strength, but do
not provide a good ductility measure-
ment of the weld. 
     Since engineered parts are frequently
subjected to stress by dynamic forces,
especially alternating or cyclic loads,
which act periodically in the same man-
ner on the structural part, it is neces-
sary to evaluate the behavior of a mate-
rial under such loads by fatigue tests up
to very high load-cycle rates. The results
are presented in what are known as
Wöhler diagrams or an S-N curve ob-
tained by plotting the applied stress (S)
against the number of cycles to failure
(N). The fatigue strength or endurance
limit is defined as the stress level a sam-
ple can withstand for at least 107 cycles. 
     The high cycle fatigue specimens
were tested using a sinusoidal wave
form in accordance with DIN 50100
(Ref. 18) in air at room temperature and
240°C on a RUMUL AG Testronic 100-
kN tester. A test frequency between 70
and 90 Hz and a load ratio of –1 were
used. The stress concentration factor is
equal to 1, and the tests were terminat-
ed at 107 cycles. Fatigue tests were com-
paratively and statistically evaluated ac-
cording to the arcsin √p-method (Ref.
19). Using this method, the fracture
probabilities of 10, 50, and 90% were
estimated. The fatigue crack initiation
site and crack propagation mechanisms
were examined on the fracture surfaces
of failed samples via SEM. Hardness
measurement was performed with the
help of a Vickers hardness testing ma-

chine at 0.1-kgf loads and an indenta-
tion time of 25 s. 

Results and Discussion 
Microstructure of Joints

     The microstructure of the extruded
alloy is shown in Fig. 3A. The PM Al-Si
alloys presented a fragmented eutectic
(a-aluminum + silicon) microstruc-
ture. Owing to the processing history
of the alloy, the microstructure is com-
posed of very fine silicon particles
scattered in the a-Al matrix. The pres-
ence of these phases is in accordance
with the equilibrium microstructural
phases predicted by the binary Al-Si
phase diagram (Ref. 20). The average
Si size in the extruded section is 2.9
mm. This structure is necessary to
achieve good mechanical performance
of the consolidated material. Further-
more, the Al-Si alloy has some other
coexisting elements such as iron, cop-
per, magnesium, manganese, and zinc.
The solubility of these elements in alu-
minum usually increases with increas-
ing temperature. At room tempera-

ture, these elements usually constitute
precipitation of Si, Mn, and Fe, and
forms an Al12(Fe,Mn)3Si phase. The
wide variety of intermetallic phases in
aluminum alloys occurs because alu-
minum is highly electronegative and
trivalent, which has been the subject
of several studies (Refs. 21–23).
Therefore, very fine precipitation was
scattered in the aluminum matrix. Fig-
ure 3B–D shows EDX mapping of Al,
Si, and Fe, respectively, in the Al alloy.
It is obvious that aluminum constitut-
ed the matrix and disappeared at the
presence of Si particles. Owing to the
low Si measuring sensitivity in the
case of very fine particles, concentra-
tion of silicon seemed depleted (see
fine green area at the microstructure,
Fig. 3C) at the regions where fine par-
ticles were formed. Iron was detected
with less concentration at random
places throughout the microstructure,
as shown in Fig. 3D. 
     The macrostructure of the joint af-
ter FSW is shown in Fig. 4A. The flash
is only released on the retreating side,
where the direction of the tool rota-
tion moves in the opposite direction to
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Fig. 3 — A — Microstructure of the extruded alloy; EDX mapping of, respectively, 
B — Al; C — Si; D — Fe.
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the travel direction. The geometry of
the rotary engine housing after grind-
ing and cleaning is shown in Fig. 4B.
     Macrostructures of the traverse sec-
tions of the joints are shown in Fig.

5A. It is worth noting that there are
no pores or unbounded areas, and a
sound weld was achieved. One of the
main joint features is the observed
small onion ring structure at the top

area of the weld, close to the advanc-
ing side. Previous studies reported the
presence of this onion ring in the
whole weld nugget and clear thermo-
mechanically affected zone (TMAZ) at
both sides of the joint on FSW of alu-
minum alloys (Refs. 24–26).
     The microstructure of the joint stir
zone (area I in Fig. 5A) was character-
ized by the silicon particles in the a-Al
matrix — Fig. 5B. As clearly shown
from the microstructure without etch-
ing at the top right of Fig. 5A, F, the
structure of the stir zone is finer and
more homogeneous than the structure
of the base metal. The Si particles
showed an average grain size of 2.1 mm,
which is approximately 28% finer than
the base metal. This is partially due to
the amount of plastic strain caused by
the FSW pin and shoulder, which leads
to more disruption of the silicon and
consequently smaller grain size (Refs.
27–30). There was a very smooth tran-
sition area in between the stir zone and
the adjacent regions at both sides of the
joints. Figure 5C shows this area at the
advancing side, which is hard to detect;
therefore, a dashed white line was
drawn to distinguish this area. A TMAZ
with a slightly deformed structure was
observed beside this area at both sides
of the joints. Furthermore, adjacent to
the TMAZ, a HAZ characterized by a
microstructure similar to the base metal
was formed, as shown in Fig. 5D. 
     As mentioned previously, an onion
ring pattern was observed at the top
area of the weld close to the advancing
side. Figure 5E shows the microstruc-
ture of this zone. It is generally known
that the onion ring pattern results
from the interaction between the ma-
terial flow driven by the rotating pin
and the shoulder-driven flow. This in-
teraction is observed by the deforma-
tion of the onion rings in the advanc-
ing side of the weld. Several studies
have focused on the formation of
these patterns. However, detailed ex-
planations and discussions of this phe-
nomenon is out of the scope of the
present study. Furthermore, there has
been no reported correlation between
the phenomenon and the resulting
quality of the weld nugget (Ref. 8).
     Figure 6 shows SEM micrographs of
the base metal (A) and the stir zone
(B). In addition to the finer and more
homogeneous distribution of silicon in
the stir zone, fragmented particles of
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Fig. 4 — A — Macrostructure of the joint after FSW; B — geometry of rotary engine
housing after grinding and cleaning.

Fig. 5 — Characteristic microstructure of the joint: A — Crosssection macrostructure; B —
microstructure of the stir zone I; C — microstructure at the stir zone/HAZ interface II; D —
microstructure of the HAZ III; E — microstructure of the onion ring zone IV; F — microstruc
ture of base metal V.
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eutectic were crushed in the matrix of
the stir zone as clearly shown by ar-
rows at the top right of Fig. 6B. There
was almost no difference in chemical
compositions between the compo-
nents of microstructure of stir zone
and base metal.

Mechanical Properties

     The mechanical properties of the
FSW joints and the base metal are given
in Table 2. Surprisingly, the offset yield
point (Rp0.2) of welded joints is 2.3%
higher than the base metal. Meanwhile,
the average maximum tensile strength
of the welded joints is 95% that of the
base metal. The reason for the improved
mechanical properties of the welded
joints is the severe plastic deformation
offered by the FSW process in addition
to the grain size refinement in the weld
metal area. These strengthening mecha-
nisms hinder dislocation motion and
render the material stronger than it was
previously (Refs. 31, 32). The reduction
in area of the welded joints was almost
half of the values reported for the base
metal, and all welded samples showed
failure outside the welded region, which
is an indication of defect-free joints.
Figure 7 shows a tension sample after
testing in addition to a fatigue test sam-
ple that will be discussed later. Further
investigations were performed by ana-
lyzing the fracture surface of the sam-
ples. Figure 8A shows a general view of
the tensile fracture surface whose frac-
ture featured a lot of tears, ridges, and a
few cracks at different areas. The rough
topography is due to the macroscopic
fracture process occurring on a plane
that is at some angles to the applied
stress direction in the tensile specimen.
A closer observation of the rectangular
area in Fig. 8A is shown in Fig. 8B. A 
dimple-like structure is prominent in
the morphology. However, some Si par-
ticles and voids originated by the unat-
tached silicon were clearly observed in
the second close-up view in Fig. 8C. The
Si particles, confirmed by EDX analyses,
and corresponding voids are indicated
by black and light arrows, respectively.
The presence of these areas close to the
crack is an indication of the initiation of
the crack owing to the Si particles. It is
reported that damage and failure of Al-
Si alloys is generally associated with ini-
tiation and growth of cracks in the Si
particles (Refs. 27, 33).

     Statistical evaluation of the fatigue
test stresses for 10, 50, and 90% proba-
bilities of survival was estimated at
room temperature and also at 240°C.
Figure 9 shows the plotted SN curves.
The obtained data for the fatigue limit
are listed in the graph. Fatigue test
stresses at room temperature for 10, 50
and 90% probabilities of survival were
calculated as 81.94, 81.01, and 80.09
MPa, respectively. All samples were frac-
tured outside the joined area as shown
in Fig 7. The fatigue limit decreased ap-
proximately 25% due to raising the tem-
perature to 240°C. Additionally, the
base metal fatigue test stresses at room
temperature for 10, 50, and 90% proba-
bilities of survival were 82.32, 81.27,
and 79.92 MPa, respectively. It is also
noted that (not included in Fig. 9) the
fatigue characteristics of welded sam-

ples, at room temperature, are quite
similar to base metals, which is an indi-
cation of sound welded joints.
     Figure 10A shows the postfatigued
fracture surface of sample failed after
877706 cycles under a stress of 81.25
MPa and at room temperature. Crack
initiation sites were at or near the sur-
face as shown by arrows in Fig. 10A, D.
Since the silicon particles are stiffer
than the matrix, the stress concentra-
tion created in this area is enough to
cause microslips in the matrix close to
the silicon particles, which leads to the
particle debonding and then crack ini-
tiation (Ref. 34). Under a condition of
relatively high stress levels, especially
in aluminum alloys, quite large num-
bers of microcracks were formed (Refs.
33, 35). At a later stage, linking up of
these cracks occurred to form one sin-
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Fig. 6 — SEM micrographs of the following: A — Base metal; B — stir zone. 

Fig. 7 — Macrograph of fractured samples in tensile and fatigue tests.

Fig. 8 — SEM of fracture tension sample: A — General view of the surface; B — magni
fied view of the propagated crack; C — dimplelike fracture surface. 
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gle larger crack. A flat fracture surface
is observed at some parts; meanwhile,
the main fracture area was fairly duc-
tile. Figure 10B shows a magnified
view of one of the crack-initiation ar-
eas and the propagation direction.
Meanwhile, Fig. 10C shows both flat
and tear areas at high magnification. It
is also worth noting that striation fea-
tures were not detected at the fracture
surface probably because of the very
fine microstructure. 

At high temperature, voids were ob-
served at the sample edges that are be-
lieved to be the origin of the crack ini-
tiation. The formation mechanism of
these voids is not clear but it could be
the result of interactions of very small
silicon particles, which act as micro-
notches with cyclic stress. Figure 10D
shows these voids at the edges of the
fracture surface area, which initiated
the cracks. The crack propagation di-
rection at high magnification is clearly
observed in Fig. 10E, meanwhile, the
rest of the fracture surface is com-
posed of the dimple-like structure and
tear areas as shown in Fig. 10F. 

The microhard-
ness distributions
across the welded
joint including the
base metal, HAZ,
TMAZ, and stir
zone are shown in
Fig. 11. The differ-

ence in hardness values at the top,
middle, and bottom of the joint is very
small. The HAZ and TMAZ areas at
both the advancing and retreating
sides of the joints were found to have
the minimum hardness compared to
the other regions of the weld. Probably
this is caused by the annealing effect
during processing (Refs. 36, 37). Also,
the highest hardness values were
achieved in the stir zone because of
the fine grain size and the severe plas-
tic deformation at these areas (Refs.
37, 38). The average hardness value of
stir zone, HAZ, and base metal were
89, 74, and 79 HV0.1, respectively. 

Conclusions

     A 20-mm-thick PM aluminum alloy
has been welded by FSW to produce a
rotary engine housing after the extru-
sion process. Detailed characteristic
microstructure and mechanical inves-
tigation were evaluated. The following
conclusions were reached:
     1) FSW was successfully used to

join the extruded PM Al alloy without
discontinuities, voids, or defects. Com-
pared to the base metal microstruc-
ture, fine and more homogeneously
distributed structures were detected
after joining. The microstructure of
the welded joint at all regions was
composed of very fine silicon particles
scattered in the a-Al matrix.
     2) The achieved yield point of the
welded joints is 2.3% higher than the
base metal, while the maximum ten-
sile strength is 95% that of the base
metal. Additionally, the fatigue limit
decreased approximately 25% due to
raising the temperature from room
temperature to 240°C. Fracture of
joints after tensile and fatigue tests
was always in the base metal.
     3) Failure of Al-Si alloys was associ-
ated with initiation and growth of
cracks at the Si particles. The mor-
phology of the fracture was mainly
ductile after tension and fatigue tests. 
     4) The maximum hardness of the
joint was observed in the stir zone be-
cause of its fine grain size. Meanwhile,
the HAZ and TMAZ areas achieved the
lowest hardness level in the joint.
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Fig. 10 — Postfatigued fracture surface: A — Overview of the frac
ture surface of sample tested at room temperature; B — magnified
view of one of the crackinitiation areas and the propagation direc
tion at room temperature; C — magnified view of the flat and tear
areas at room temperature; D — overview of the fracture surface of
the sample tested at 240°C; E — magnified view of one of the crack
initiation areas and the propagation direction tested at 240°C; F —
magnified view of the tear area tested at 240°C.

Fig. 9 — SN curves for the fatigue samples at room tempera
ture and 240°C.

Fig. 11 — Microhardness distributions at the top, middle, and
bottom of the FSW joint.
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