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Abstract: The microstructure and mechanical properties of friction stir processed Al-Mg,Si alloys were studied by
TEM and EBSD. The results showed that an increase in the tool rotation speed (300—700 r/min) led to a decrease in the
defect area (from 10.5 mm? to zero), whereas the defect area demonstrated the opposite trend (increased to 1.5 mm?
from zero) upon further increasing the rotation speed (700—1200 r/min). The types of defects were transformed from
tunnel defects to fusion defects as the rotational speed increased. The coarse Mg,Si dendrites were broken and fine
particles (smaller than 10 pum) formed in the weld nugget (WN). The amount of low-angle grain boundaries increased
significantly from 57.7% to 83.6%, which was caused by an increase in the content of the deformed structure (from
1.7% to 13.6%). The hardness, ultimate tensile strength (UTS) and elongation were all greatly improved for the weld
nugget. The hardness values of the WNs had the following order: R300<R1200<R500<R900<R700. The UTS and
elongation had the following order: BM (base material)<R300<R1200<R500<R900<R700. The UTS and the elongation
for the WN were increased by one and three times, respectively.

Key words: AI-Mg,Si alloy; friction stir processing; ultimate tensile strength; microstructural evolution; defect

alloy [2] or Mg,Si/Al composite [3]. Due to the

1 Introduction

As the only stable intermetallic compound in
the Mg—Si system, Mg,Si possesses excellent
properties. For example, it has a high hardness
similar to Si, a density lower than that of TiAl and
good mechanical properties at high temperatures [1].
In particular, Mg,Si intermetallic compounds can be
produced using common casting processes. An
aluminum alloy with high Si and Mg contents
generates a substantial amount of Mg,Si during the
casting process and is referred to as an AlI-Mg,Si

excellent properties of Mg,Si, AI-Mg,Si alloys also
present good mechanical properties in applications
that require wear and heat resistance at medium/
low temperatures. However, the Mg,Si phase tends
to form a coarse dendritic structure during the
solidification process of Al or Mg melts [4,5]. In
response to this problem, many studies have been
performed to modify the Mg,Si phase to obtain an
increased strength and ductility. YU et al [6] studied
the modification of an AlI-Mg,Si alloy with Sb+Ca
that underwent hot extrusion and T6 treatment
where the Mg,Si was spheroidized. The ultimate
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tensile strength (UTS) reached 303 MPa. The same
research group of WANG et al [7] studied the
effects of Sb on the Mg,Si phase and the UTS of an
Al-Mg,Si alloy after extrusion, where the primary
Mg,Si phase was transformed into a polyhedral
shape and the alloy had a UTS of 283 MPa. In
addition, other modification elements have been
used to modify Al-Mg,Si alloys [8]. Although these
elements changed the morphology of the Mg,Si
phase, the UTS was usually lower than 250 MPa
without the extrusion process [9].

Friction stir processing (FSP) is a novel alloy
processing technique derived from friction stir
welding (FSW) and can modify the microstructure
of alloys [10—18]. During FSP, the alloy is forced
by a pin, and heat is simultaneously generated via
the rotation and friction of the pin and the shoulder
on the rotating tool [19]. The alloys being processed
undergo severe plastic deformation. Thus, the
microstructures of the processed alloys are
modified by FSP. FSP can also be used for surface
composite fabrication = and  microstructure
homogenization [20,21], for example, to prepare a
supersaturated solid solution of an Al-Zn alloy.
During multipass FSP, Zn was incorporated into the
Al metal due to the friction and extrusion process of
the pin and shoulder, forming a supersaturated solid
solution.

As mentioned above, the microstructures of an
alloy can be refined through the stirring pin during
FSP. Al-Mg,Si alloys are composed of a coarse
brittle Mg,Si dendrites and a tough Al matrix. An
improvement in the mechanical properties depends
on the elimination of the coarse Mg,Si dendrites.
Fortunately, brittle Mg,Si dendrites are easily
broken by FSP without producing a negative effect
on the tough matrix. Therefore, FSP may
simultaneously improve the UTS and elongation.
In the present work,
microstructures and mechanical properties of an
Al-Mg,Si alloy after FSP with different parameters
is studied. One of the objectives is to optimize the
FSP parameters to improve the UTS and elongation
of the alloys. The other is to investigate the
microstructural evolution and its influence on the
properties. The mechanisms and laws of the
microstructural evolution  were explored.
Additionally, the relationship between the
microstructure and performance has also been
analyzed.

the evolution of the

2 Experimental

The smelting process and composition of the
studied Al-Mg,Si materials were reported in the
literature [2]. Commercially pure Al, pure Mg, and
A390 alloys were used to prepare AlI-Mg,Si alloys.
The pure Al and A390 alloys were melted at 720 °C
in a graphite crucible under an air atmosphere in an
electric resistance furnace. Then, pure Mg wrapped
with aluminum foil was added into the melt. After
holding for 10 min at 780 °C, the melts were poured
into a preheated steel mold. The compositions of
the alloys used herein were determined by direct-
reading spectroscopy, as indicated in Table 1. The
hardness, UTS and elongation were HB (107.342.3),
(123.2+4.3) MPa and (1.13+0.93)%, respectively.

Table 1 Composition of AI-Mg,Si alloy (wt.%)
Mg Si Cu Ti Fe Mn Zn Al
895 891 223 0.18 0.12 <0.10 0.03 Bal

FSP was performed by using a FSW machine
(SAEM, HT-JM15x%100/2, China), and the rotation
tool comprised H13 steel with an 8 mm-long tool
pin and a 16 mm-wide tool shoulder. A schematic of
the rotation tool is shown in Fig. 1, and the end and
root diameters were 6 and 8 mm, respectively. The
thread pitch was approximately 1 mm. The constant
tilt angle of the tool pin was set to be 2.5° with an
~8 mm plunge depth and clockwise-direction
rotation during the FSP. The tool travel speed was
60 mm/min. An Al-Mg,Si alloy plate with a
thickness of 1.6 cm was chosen for the FSP. The
spindle rotation speed were set to be 300, 500, 700,
900 and 1200 r/min, and the corresponding samples
were named as R300, R500, R700, R900 and
R1200, respectively.
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Fig. 1 Sketch of rotation tool
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Microhardness tests were performed with a
load and an indentation time of 0.2 kg and 10 s,
respectively. Five tests were performed for each
position. Sketches of the sampling location and
dimensions of the tensile samples are shown in
Fig. 2. The sampling location was selected in the
weld nugget (WN). The length, width and height of
the sheet samples used to test performance were
90, 8 and 3 mm, respectively, and the gauge length
was 50 mm. The tensile testing was carried out with
a crosshead speed of 0.2 mm/min, and four tests
were performed for samples with the same
parameters.

The samples for microstructural observation
were prepared using standard polishing routines,
and 0.5 vol.% HF aqueous solution was used as the
etchant for optical microscopy (OM) (Zeiss, Axio
Observer Alm, Germany) sample preparation. The
etch time was 1 s. For EBSD specimen preparation
(EDAX, Digiview, USA), the samples were
prepared by mechanical grinding and mechanical
and electrolytic polishing. The latter was performed
using 10% perchloric acid and 90% ethanol solution
with a voltage of 16.9 V at room temperature. For
the HRTEM (FEI Tecnai G2 F20, USA) survey, the
foils were prepared by manual grinding with 5 um
SiC papers, cut into a 4 mm-in-diameter disk and
then further thinned by jet electropolishing in a
solution of 5% perchloric acid and 95% ethanol at
-50°C.

3 Results and discussion

3.1 Features of macroscopic structure

The surface characteristics of each sample
after FSP are shown in Fig. 3, which shows that the
processing surfaces were relatively flat and did not
contain defects and cracks in the rotation speed
range from 300 to 700 r/min. When the speed was
increased to 900 r/min (Fig. 3(d)), a crack appeared
in the center of the surface; as the rotation speed
was further increased to 1200 r/min (Fig. 3(e)), the
crack length increased as well. The characteristics
of the cross section in the processing zone are
shown in Fig. 4.

As expected, the zone consisted of the WN,
thermomechanically affected zone (TMAZ), and
the base material (BM), similar to the FSW of
Al-Mg,Si materials [2]. In comparison with Fig. 3,
although no defects were found on the processing
surface at low rotation speeds of 300—700 r/min, the
cross-sectional structures show that there was a
substantial amount of tunnel defects at the low
speed of 300 r/min (defect area ~10.5 mm?), as
shown in Fig. 4(a). As the speed was increased to
500 and 700 r/min (Figs. 4(b, c)), the defects
disappeared, which was consistent with the results
in Fig. 3. As the speed was further increased to 900
and 1200 r/min, the area of the defects increased to
1.5 mm* (R1200) with increasing rotation speed, as

1

| DYy
/ ! T i

90 mm

\

/

SISO E e

! .
\ Top view

1
’

Fig. 2 Sampling locations in joints and dimensions of UTS samples (BM: Base material, WN: Weld nugget)

Fig. 3 Characteristics of processing surfaces of samples: (a) R300; (b) R500; (c) R700; (d) R900; (e) R1200
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Fig. 4 Cross sectional morphologies in processing zone of samples: (a) R300; (b) R500; (c) R700; (d) R900; (¢) R1200

shown in Figs. 4(d, e). Compared with the low
speed used for the R300 sample (Fig. 4(a)), the
location of the defects migrated from the bottom to
the middle and top as the speed was increased.

Usually, an excessive and insufficient heat
input can cause defect formation during the FSW
process, and the FSP demonstrated a similar
phenomenon. A high tool rotation speed can
increase the temperature, which increases the
fluidity. As a result, the materials migrate from the
bottom to the top and leave defects. In contrast, an
insufficient heat input during low rotation speeds
results in a lack of material fluidity. The materials
cannot bond well at the interface, and tunnel defects
and voids form at the bottom.

As studied by KIM et al [22] and
ELANGOVAN and BALASUBRAMANIAN [23],
abnormal stirring is also a factor for defect
formation. During FSP, the heat generation and
material flow as a result of the stirring are affected
by the rotation speed. A high tool rotation speed
releases a substantial amount of heat and increases

the temperature in the materials, which increases
the fluidity of the material. Due to the high tool
rotation speed of the pin, the materials migrate from
the bottom to the top and leave defects [23].
However, an insufficient heat input during
low-speed rotation results in a lack of material
fluidity. A low rotation speed also leads to a lack of
mechanical stirring. As a result of these factors, the
materials cannot bond well and tunnel defects and
voids form. These theoretical analyses are
consistent with the phenomena observed in this
study. At low rotation speeds, insufficient heating
and stirring resulted in a decreased fluidity of the
material. In addition, the AI-Mg,Si materials
studied in the present work contained a hard
strengthening phase, which led to a substantial
decrease in the fluidity. According to the
characteristics of FSP, the stirring force at the
bottom is the smallest, and near the center of the
pins, it is close to zero. Therefore, tunnel defects are
generated at the bottom. With increasing rotation
speed, the stirring force and temperature increase.
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Therefore, the defects disappeared in this study
when the speed reached 700 r/min. As the rotation
speed was further increased, the excessive stirring
and heat caused the defects to reappear, as reported
by KIM et al [22]. The upward migration of the
defect location showed the characteristics of
excessive stirring, i.e., the material migrated
from the bottom to the top and left the defects
behind [23].

The areas with the defects were tested and
analyzed using quantitative analysis software by the
Buehler Corporation, as shown in Fig. 5, and the
results indicate that upon increasing the rotation
speed, the area of the defects rapidly decreased and
then slowly increased.
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Fig. 5 Relationship between defect area and tool rotation
speed determined using quantitative analysis software

3.2 Microstructures of BM, TMAZ and WN

The microstructure of the BM is shown in
Fig. 6, where it can be observed that the primary
Mg,Si particles had a polygonal shape with a size
of 100 um (Fig. 6(a)). The eutectic Mg,Si phase
was Chinese script-like or chrysanthemum-shaped,
and a small amount of eutectic Si appeared in the
form of a sheet (Fig. 6(b)). The microstructural
characteristics of the BM are similar to those of
previous works by WANG et al [7] and LI et al [8].
With an increase in the volume fraction of Mg,Si in
the Al alloys, the primary Mg,Si transformed into
coarse dendrites, and the Mg,Si dendrites and the
Chinese script-like eutectic Mg,Si led to a decrease
in the UTS and plasticity. Therefore, most of the
studies on the modification of the materials
involved eliminating the coarse primary and
eutectic Mg,Si phase. FSP can effectively break the
dendrites apart by mechanical stirring. After FSP,

the microstructure of the WN is shown in Fig. 7.
The primary Mg,Si in each sample transformed into
fine particles with a size less than 10 um. In
addition, smaller particles were distributed in the
matrix with a size of less than 1 um. There were
two sources for these small particles: one was the
broken eutectic Mg,Si phase, and the other was the
broken primary Mg,Si phase. The change in the
primary Mg,Si particles was not obvious as the
rotation speed was increased; however, the fine
particles distributing in the matrix changed slightly.
With an increase in the rotation speed, the size of
the fine particles became more uniform, while the
amount also slightly increased. ZHOU et al [24]
reported that as the speed was increased, the
maximum temperature also increased during FSW.
However, when the rotational speed was further
increased, the increasing speed of the maximum
temperature tended to be slow. Therefore, when the
rotation speed was increased to a specific value, the
change in the microstructure was not obvious. It can
be predicted that the change in the Mg,Si phase
(primary and eutectic) led to an increase in the
mechanical properties. Specifically, FSP can obtain
better results for the Mg,Si phase than modification
processes with metal elements.
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Fig. 7 Microstructures of WN for Al-Mg,Si materials after FSP: (a, b) R300; (c, d) R500; (e, f) R700; (g, h) R900;
(i,j) R1200
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The microstructures of the TMAZ are shown
in Fig. 8, which correspond to the R300 and R1200
samples, respectively. In the present work, only the
TMAZ microstructures with the minimum and
maximum rotational speeds (300 and 1200 r/min,
respectively) were compared because the micro-
structure changes were relatively small as the
rotational speed was increased. In Fig. 8(a), it can
be observed that the width of the TMAZ was
400 um, and there were still defects in the WN near
the TMAZ. Points B and C in Fig. 8(a) lie at the
interface of the TMAZ with the BM, and Point B
was located in the bottom of the tool pin, where the
stirring force was relatively low. The directionality
at Point B was not obvious because of the low
stirring force. A change in the BM near the TMAZ
was also not obvious. Point C was located in the
side zone of the tool pin, and the stirring force there
was higher than that at Point B. With an increase in
the stirring intensity, the eutectic phase in that zone
became directional, as shown in Fig. 8(a) and
marked by the white arrow in the partially enlarged
view. The zone was subject to both extrusion and
material flow; as a result, directionality was
generated. The BM also showed the characteristics
of extrusion. It was clear that the stirring intensity
in this area was still much lower than that in the
WN; thus, the eutectic phase was not broken. The

2200 um |
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Fig. 8 Microstructures of TMAZ for sampl
and R1200 (b)

es R300 (a)

microstructure of the TMAZ with a higher rotation
speed of 1200 r/min is shown in Fig. 8(b). Macro-
scopically, there were no significant differences
compared to the low rotation speeds, except for
fewer defects. The enlarged view of Point B, which
was at the interface of the BM and the TMAZ,
shows that the directionality of the eutectic phases
was very obvious, and its size became finer than
that for the low rotation speed (Fig. 8(a)). The BM
also had different characteristics. The deformation
was substantial, and the directionality was obvious.
These phenomena were caused by the high rotation
speed and high stirring intensity. As the stirring
intensity increased, the temperature and fluidity of
the materials increased. The plastic deformation of
the BM increased, resulting in the generation of
directionality.
When
connected to each other, a structure resembling an
onion ring shape forms. Onion ring shape structures
typically occur during FSP and FSW of Al alloys.
The formation of this structure has been studied by
many researchers. For example, AMIRIZAD
et al [25] believed that onion ring structures are
formed by particle-rich bands, geometrical effects
and changes in the grain dimensions during the
FSW of Al matrix composites. YOON et al [26]
found that the generation of onion ring structures in
Al alloys was caused by the loads from internal and
external screws in the FSW rotation process.
YOON et al [26] used a 3D technique and found
that the metals began to flow when they were in
contact with the probe. The metals flowed down
from the upper surface due to the action of the
internal screw. The rotation led to a metal flow from
the advanced side to the retreated side, and the
metals were mixed on the advanced side.
Subsequently, the mixed metals were pressed up
and into the original zone, and onion ring structures
formed. During the continuous rotating flow
process, the shape of the onion ring structures was
affected by the screws. During FSP, the generation
of onion ring structures led to an anisotropy in the
mechanical properties, similar to the effect of
deformation after hot extrusion.

these directional structures are

3.3 Changes in microtextures and misorientation
angles

The microtexture can affect the anisotropy of

alloys, so the microtexture and misorientation
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angles (MAs) in sample R700 were studied by
EBSD. The EBSD grain boundary and inverse pole
figures (IPF) as well as the corresponding MAs of
the BM and WN are indicated in Fig. 9. In addition
to the changes in the Mg,Si particles, it can be seen
that the a(Al) matrix was also refined after the FSP.
Both the BM and the WN had a special
directionality. From the above, it can be seen that
the whole structure containing the Mg,Si and the
matrix was all refined after the FSP. The MAs were
also obviously changed, as shown in Figs. 9(c, d).
The fraction of low-angle grain boundaries (LABs)
increased from 57.7% to 83.6% compared to that
for the BM and WN, respectively. Here, LABs refer
to grain boundaries with MAs of 2°-15°, whereas
high-angle grain boundaries (HABs) have MAs
greater than 15°. The proportion of LABs and
HABs indicates that both BM and WN had LABs,
and FSP led to an increase in LABs for the studied
materials. Changes in LABs were also found as a
result of FSP of Al alloys by JIANG et al [27].
Dynamic recrystallization and grain boundary
migration are the reasons for the transformation of
the MAs. According to the EBSD results, the
constitution of the crystal structure is shown in
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Fig. 10. After FSP, the amounts of recrystallized
and substructured crystals all decreased, whereas
the amount of deformed structure clearly increased.
Both of these changes led to a transformation in the
MAs. Generally, dynamic recrystallization is a
transition process from LABs to HABs, as reported
by KAIBYSHEV et al [28], where Al matrix
recrystallized after an extrusion process and
ultrafine grains were generated. When the material
was further strained, the LABs gradually
transformed to HABs. Dynamic recrystallization is
usually accompanied by the migration of grain
boundaries, which is a key factor for the
transformation of MAs. During the deformation of
an alloy, the material flows along the parallel
direction of the rolling plane. This flow causes
simultaneous recrystallization and grain boundary
migration, which leads to a change in the MAs. In
the present work, the FSP reduced the amount of
recrystallized structures and a substantial amount of
deformed structures formed, which made it the
reverse process of dynamic recrystallization. Due to
the relatively low temperature during the FSP, this
deformed structure did not undergo recrystallization;
instead, many LABs formed.

0.301 £=83.6%

0.05 Iil

0 10 20 30 40 50 60
Misorientation angle/(°)

Fig. 9 EBSD images (a, b) and corresponding MAs (c, d) of R700: (a, ¢) BM; (b, d) WN (fis the volume fraction of

LABs)
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Fig. 10 Constitution of crystal structures in BM and WN
after FSP

Figure 11 shows the {001} pole figures for the
FSP zone and the BM, where Figs. 11(a, b) contain
data for the BM and the FSP zone (WN),
respectively, and Fig. 11(c) shows the standard
{001} pole figure for a cubic system. Both the BM
and the WN presented obvious microtextures. In the
BM, the plate-shaped metal mold led to the
generation of directional dendrite growth and a
microtexture formed. The microtexture became
concentrated in the (101), (212) and (011)
orientations. However, although the WN also had
an obvious microtexture, the orientations changed
and became concentrated in the (011), (100) and
(011) orientations. It can be observed that the
(011) orientations in the WN were maintained in
comparison with the BM, and the intensity of the

(a) il (b)

X0

O 00U A WIN —

Max=26.31

microtexture decreased slightly. After FSP, the
concentration of the directionality decreased, and
the reduction improved the mechanical properties.
The maintenance of the (011)orientation indicates
that the FSP mainly produced horizontal
deformation and extrusion along the travel direction.
This phenomenon is usually found during FSP.
SARKARI KHORRAMI et al [29] reported that the
microtexture for a severely deformed 1050-Al sheet
was {001}-(001) and {001}-(101). After FSP, the
{001}-(101) microtexture was maintained, while
the {001}-(001) microtexture disappeared. The
change in the texture was also affected by the FSP,
and the direction and degree of the severe
deformation were changed by the FSP. All of these
transitions were associated with the mechanical
properties.

3.4 Mechanical properties and TEM (HRTEM)
analysis

Figure 12 shows the hardness of the materials.
The hardness had different values for different
rotation speeds. The hardness values of the WNs
had the following order: R300<R1200<R500<
R900<R700. Although the hardness values of
R1200 and R500 were relatively close, the hardness
value of R1200 and R300 was lower than that of
the BM and the hardness value of R500 was similar
to that of the BM. However, the hardness value of
R900 and R700 was much higher than that of the
BM. Furthermore, the hardness of the TMAZ for
all the samples was lower than that for the BM and
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Fig. 11 Pole figures of BM (a) and WN (b), and standard {001} pole figure (c)
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the WN. The increase in the hardness was caused
by two factors: macroscopic and microscopic.
Regarding the macroscopic factor, both the low and
the high tool rotation speeds (R300 and R1200)
produced defects and cavities, and these defects and
cavities affected the hardness. Thus, the R300
samples had the lowest hardness values among the

21/nm

samples in this study. Conversely, an appropriate
stirring  speed  strengthened the
incorporating the broken eutectic phase and the
debris of the primary Mg,Si phase. As a result,
the R700 and R900 samples had an increased
hardness. The hardness increase in the Al-Mg,Si
materials was found during FSW in previous works
by QIN et al [2] and NAMI et al [3]. Microscopic
factors also affect the hardness. After FSP, the
composition of the precipitates changed. The TEM
and HRTEM analysis results for the BM and WN
are shown in Fig. 13. In Fig. 13(a), it can be seen
that there were needle-shaped J" precipitates
(MgsSi) and eutectic Mg,Si, which are marked by
black and white arrows, respectively. According to
the study by SUNDE et al [30], the needle-shaped
p" phase (MgsSig) can improve the UTS for
common Al alloys, such as 6xxx and 5xxx series
alloys, by precipitation strengthening. However,
the needle-shaped S" phase was dissolved by the
heat during FSP and a high density of dislocations
formed, as shown with the white arrows in
Fig. 13(b).

matrix by

Fig. 13 TEM and HRTEM images of BM and WN in Sample R700: (a) BM; (b) WN; (c¢) Magnified view of WN;

(d) HRTEM image of specified area in (c)
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Generally, dissolving phases leads to softening
of common Al alloys [26]. In the present work, the
softening phenomenon did not occur in the WN due
to the existence of strengthening particles in the
matrix. However, softening occurred in the TMAZ
because the S phase disappeared, and the relatively
weak stirring did not allow the particles to integrate
into the matrix. In addition, a high density of
dislocations was evident in the aluminum matrix, as
shown in Fig. 13(b).

According to the literature [31], a hot-
deformed Al-6063 material contained a high density
of dislocation pile-ups at 300 °C at the interface of
the dislocations and matrix. When the temperature
reached 400 °C, a sufficient number of dislocations
caused atomic migration, resulting in subgrain
coalescence. Accordingly, the LABs can transform
into HABs by absorbing dislocations. During the
FSP of the Al-Mg,Si, the small deformation
requires elevated temperatures for atomic migration
and grain boundary angle transitions to occur.
However, the insufficient heat input during the FSP
only caused pile-ups of the high-density
dislocations. This also confirms the EBSD results in
Figs. 9(c, d). The reinforcement of the Mg,Si/Al
interface bonding is also a factor for hardness
improvement, as shown in Figs. 13(c, d).
Figure 13(c) shows the interface between Mg,Si
and Al, as well as the selected area electron
diffraction pattern of the specified area marked with
a red line. The interface was well integrated
according to the TEM image. An amorphous
transition band formed at the interface, as shown in
the HRTEM image in Fig. 13(d). The selected area
electron diffraction pattern (Fig. 13(c)), consisting
of diffraction spots from the crystal phase and a
halo and ring from the amorphous phase, also
proved the existence of the amorphous band. These

(a)

UTS/MPa

2365

features improved the mechanical properties.

The tensile samples and the UTS and
elongation values of the WN are shown in Fig. 14.
The stress—strain curves and fracture surface
morphologies are shown in Fig. 15. It is shown in
Fig. 14(a) that the Al-Mg,Si composites did not
show necking at each rotation speed because of
their low ductility. The tensile test results show that
the values of the UTS and elongation varied in a
similar type. Both the UTS and elongation values
reached a maximum for the R700 sample, while
their minimum value occurred for a rotation speed
of 300 r/min, as shown in Fig. 14(b). The minimum
values for the WN were higher than those for the
BM (UTS of 123 MPa and elongation of 1.1%). In
particular, the strength and plasticity of sample
R700 were significantly improved compared to
those for the BM, in which the UTS and the
elongation increased by one times and three times,
respectively.

The stress—strain curves of the Al-Mg,Si
composite (Fig. 15(a)) show that neither the BM
nor the WN presented yield characteristics but
fractured after the elastic deformation. The fracture
surface morphology of the BM (Fig. 15(b)) is
indicative of a brittle fracture surface without
typical dimples and shear lips, and obvious pores
were present on the surface, as marked by the white
arrow. The coarse primary Mg,Si phase reduced the
elongation. In contrast, the R300 and R700 samples
possessed shear bands (Figs. 15(c, d)), especially
for the fracture surfaces of R700, which exhibited
typical shear bands and fine Mg,Si particles
(Fig. 15(d)). Therefore, R700 had a high elongation.
In addition to the relatively coarse Mg,Si particles,
R300 also had cavities (marked by the white arrow
in Fig. 15(c)). These factors affected the increase in
the elongation.
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Fig. 14 Tensile samples (a) and tensile properties for WN (b)
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Fig. 15 Stress—strain curves (a) and fracture surface morphologies (b—d) of BM and WN (b) BM; (¢) R300; (d) R700

According to the literature [6], the mechanism
for the increase is similar to that for the hardness
because both are affected by the size of the Mg,Si,
matrix strengthening and defects. The difference is
that for a common aluminum alloy, the variations in
the strength and ductility are opposite to each other.
The special feature for the as-cast Al-Mg,Si
composite is that the coarse Mg,Si (which contains
primary and eutectic phases) caused a simultaneous
decrease in the strength and ductility. Therefore,
after the FSP with an appropriate rotation speed, the
coarse phases were all broken apart, and defects
were eliminated, which resulted in an improvement
in the strength and ductility. This phenomenon is
similar to that of some nanomaterials, as reported
by LEI et al [32].

4 Conclusions

(1) For friction stir processed Al-Mg,Si
composite, an increase in the tool rotation speed led
to a decrease in the defect area, which disappeared
in the range of 300—700 r/min. In the range from
700—1200 r/min, the defects demonstrated the
opposite trend.

(2) Tunnel defects and fusion defects
corresponded with the low and high rotational
speeds, respectively, and the position migrated from
the bottom to the top.

(3) In the FSP zone, both primary and eutectic
Mg,Si were broken apart and fine particles formed.
The proportion of LABs increased from 57.7% of
the BM to 83.6% of the WN. The amount of
deformed structure increased from 1.7% to 13.6%.

(4) The hardness, UTS and elongation were
greatly improved after FSP. The UTS and
elongation increased by one and three times,
respectively, for Sample R700.
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