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Abstract: A solid-state process—friction stir extrusion (FSE) was applied to produce wires from Mg chips. The FSE process was
performed using tool rotational speed of 150, 250 and 355 r/min at a constant plunge rate of 20 mm/min. The microstructural
evolution, tribological behavior and corrosion resistance of the reference specimen and the friction stir extruded specimens were
investigated. Microstructural characteristics of the specimens were investigated by optical microscopy (OM) and scanning electron
microscopy (SEM). The evaluations of mechanical properties include microhardness and dry sliding wear test. The corrosion
resistance of the extruded specimens was characterized by potentiodynamic polarization test. The results show that the extruded
specimens possess good surface quality and the process is beneficial for the improvement of hardness and wear resistance of the first
machined chips. The produced wires are also found to have adequate corrosion resistance. These results demonstrate that FSE is an
effective strategy for converting the machined Mg chips into the usable wires.
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1 Introduction

Mg and its alloys are widely used in automobile
industry, aerospace and structural components because of
their excellent specific strength, low density, great
mechanical properties, good machinability, high specific
stiffness, cold formability, good castability, and thermal
conductivity [1]. Since Mg has great machinability, large
quantities of Mg chips are produced at various
machining processes. Recycling process of Mg involves
traditional and non-traditional methods. In traditional
recycling, large amounts of scraps and chips are re-
melted consuming a large amount of energy. Due to the
susceptibility of Mg to oxidation, and the consumption of
a lot of energy and labor cost, this method is not
affordable. In non-traditional recycling of Mg, proposed
by CHINO et al [2], a direct approach without secondary
operation is implemented [3]. By this method, Mg chips
are compressed and the plastic deformation occurs
during the consolidation process [4,5]. Non-traditional
methods are more efficient than traditional ones in terms
of air pollution (green recycling) and energy

consumption. Furthermore, the specimens produced by
solid-state recycling processes show high strength
because of small grain size and homogeneous oxide
dispersion. Some works on solid-state recycling of Mg
alloys accompanied by AZ31 [1,3,5-7], AZ91 [4,8—10],
ZK60 [11] and pure Mg [12], resulting in better
mechanical properties and grain refinement compared
with the primary ingot. The combination of solid-state
recycling and friction stir welding was developed by
friction stir extrusion (FSE) in The Welding Institute
(TWD) in 1993 [13]. The FSE process follows the
principles of the friction stir welding/processing
(FSW-FSP), in which a rotating tool causes local
softening of material through heat generated by friction
and plastic work [14]. FSE is a solid-state material
synthesizing process that produces extruded products by
direct conversion of scraps into advanced bulk materials
through mechanical and thermo-mechanical processing
in a single step. Solid-state recycling eliminates the
energy consumption pertinent to re-melting which is
necessary in the conventional synthesis process.
Different materials such as Mg, Al, Ti and steel have
potentials to be used in this method [15—17]. Recently,
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TANG and REYNOLDS [17] have investigated the
synthesis process of AA2050 and AA2195 Al by FSE.
They indicated that the microstructure of the extruded
wires consisted of fully equiaxed and recrystallized
grains. They concluded that the limits on the process
appeared to be related with the extrusion temperature
[17]. Recently, the FSE process of AA7277 Al alloy
chips has been studied by ABDI-BEHNAGH et al [18]
experimentally. They showed the formation of various
zones in the cross-section of the extruded wires, and the
wire microstructure was characterized by equiaxed and
recrystallized grains in the center of specimen. The
tensile tests revealed that the mechanical properties of
the extruded wire were comparable with the parent
material in particular rotational speed.

Even though these investigations thoroughly
demonstrate the potential of this process to emerge as an
important recycling technique, however, not much is
known about the wear and corrosion characteristics. As
mentioned before, Mg offers a high potential for use as a
lightweight structural material in transport applications
such as automotive and motorbike. Since these may be
subjected to serious environments, their corrosion
behavior is a major concern. Mg is a naturally passive
metal. Pitting corrosion will occur at free corrosion
potential of Mg when exposed to chloride ions in a
non-oxidizing medium [19]. It is generally observed that
corrosion pits initiate at flaws adjacent to a fraction of
the secondary phase particles such as Mg;Al;, as a
result of the breakdown of passivity [19]. Moreover, Mg
alloys have not traditionally been wused for high
performance applications due to their low hardness and
wear resistance.

Therefore, researches in this direction are much
needed to enhance the suitability of FSE for a wide range
of industrial applications. Hence, the aim of this study is
to investigate the corrosion and wear characteristics of
the fully-consolidate Mg wires fabricated by FSE.

2 Experimental

The clean and dry Mg chips used in this work was
produced through machining Mg ingot without any
lubricant fluid. The machining chip was prepared by a
planning machine. The chip was 6—10 mm in length,
1-4 mm in width and about 0.2 mm in thickness. The
chemical composition of the pure Mg ingot is <0.01% Al,
0.006% Cu, 0.03% Mn, 0.005% Zn, 0.005% Ca,
<0.002% Sn and balanced Mg (mass fraction). The main
components used in the process including a container
and a rotating plunge die with scrolled face, which were
made of H13 tool steel. The container cavity is 21 mm in
diameter and 50 mm in height. The rotating plunge die
has a 20 mm outer diameter with a 5 mm central hole

which defines the diameter of the extruded wire. As
shown in Fig. 1, the rotating plunge die has a scrolled
face pattern with zero tilt angle. The scrolled face pattern
is similar to the FSW tool shoulder design [17]. The
container was fixed on the table of computer numerical
control (CNC) milling machine. The rotating plunge die
rotates in a clockwise direction and moves toward the
container which is charged with Mg chips. The rotation
and movement of the plunge die relative to the container
cause the mixing and stirring of Mg chips, during which
the contact and pressure between the rotating plunge die
and Mg chips lead to the conversion of mechanical
energy to thermal energy. The wire length is limited by
the volume of the container. The extrusion axis is Z-axis
of the machine, therefore, the extrusion force is equal to
Z-force. Three rotational speeds of 180, 250 and
355 r/min under constant plunge rate of 120 mm/min
were implemented. An infrared thermometer was used to
monitor the temperature changes during the process. The
temperature measurement is needed for the thermal
analysis of the process. The schematic representation of
the FSE process is shown in Fig. 2.

The surface roughness (R,) of the fabricated wires
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Fig. 1 Components used in FSE process
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Fig. 2 Schematic representation of FSE process
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in the axial (extrusion) and traverse directions was
performed using a WYKO NT1100 optical profiling
system. R, is used as a roughness parameter.

The microstructures of the FSE samples were
investigated by optical microscopy (OM). The
microstructures of the cross-sections of the wire were
investigated perpendicular to the extrusion direction. The
metal micro etch and specimen preparation for OM test
were done based on ASTM E407-07 [20] and ASTM
E3-11 [21], respectively. The polish was performed with
a 1000 grit Al,O5 paper, and then with a 1 mm diamond
paste. The final polish was done by colloidal silica with
40 nm in diameter. No scratch was observed on the
polished surface. After polishing, the specimens were
etched by acetic picral (5 mL acetic acid, 6 g picric acid,
10 mL water and 100 mL ethanol) at room temperature.
The Vickers microhardness test was performed
perpendicularly to the extrusion direction on the
cross-section of the wires, with a load of 0.25 N holding
for 15 s. The sliding wear behavior of the wire was
evaluated with a reciprocating wear tester. The dry wear
test was carried out at room temperature by applying a
normal load of 20 N to the surface of the sample with
hardened alloy steel (13 mm in diameter). Along the test,
the sliding speed of the cylinder on the surface of the
sample was 0.25 m/s for a total sliding distance of
1000 m.

The localized electrochemical measurement was
performed on the cross-section of the samples in order to
combine the microstructural analysis and the changes in
corrosion susceptibility between the parent material and
the FSE specimens. Potentiodynamic polarization is a
test responsible for pitting, which can investigate the
material behavior in various environments with different
pH levels. It is a suitable and fast method to obtain
potential pitting, corrosion rates and
reproducible results. The electrochemical method used
was Tafel polarization test. The samples were
mechanically polished with a 1 um diamond paste to a
mirror finish. The electrochemical potentiodynamic
measurement was performed in a three-electrode cell
arrangement. A platinum mesh with the geometric area of
about 20 cm? was used as the counter electrode, while all
potentials were measured with respect to a commercial
saturated calomel electrode (SCE). The electrochemical
experiment was carried out using a potentiostat/
galvanostat (Autolab 302N) run by PowerSuite software.
The potentiodynamic curves were recorded at a scan rate
of 0.3 mV/s in the potential range of —250 mV (vs OCP)
to +700 mV (vs SCE).

can give

3 Results and discussion

3.1 Thermal analysis
The temperature variation during the FSE process

was monitored by an infrared thermometer pointed at the
outer surface of the container. The purpose of this
monitoring is to investigate the effect of temperature
variation on the mechanical and metallurgical properties
of the extruded wires. The temperature versus time
curves of the FSE process during extrusion are shown in
Fig. 3. The thermal energy in the FSE process is
generated by the contact friction between the chips, and
also the chips and die components by the insertion of
vertical load and the die rotation. The amount of heat
affects the average grain size and the surface quality of
the produced wires. The temperature measurement
indicates that the maximum temperature during the
process is 0.87;, with the rotation speed of 355 r/min,
where T}, is the melting temperature.
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Fig. 3 Temperature variation vs time during FSE process

In the FSE process, the tool rotation results in the
stirring of the material in the container which in turn
increases the temperature of the metal. The increased
temperature as a result of increasing rotational speed
leads to the softening of the material and amends the
plastic deformation and consequently eases the extrusion.
However, excessive temperature rise paves the way for
grain growth, leading to the aggravating of the
mechanical properties of the specimen, and facilitating
the formation of cracks [18]. On the other hand,
insufficient temperature input results in the formation of
voids, cold cracks, and twisting in the obtained wire [18].
So, a proper selection of the tool rotational speed as the
input parameter is very important to obtain defect-free
wires.

3.2 Microstructural analysis

The surface appearances of the wires produced by
the FSE process are shown in Fig. 4. Good and poor
surface quality of wires are observed. The most
important parameter affecting the process is the
rotational speed [18]. Low rotational speed leads to
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insufficient heat generation during the process which
increases the possibility of the extrusion defects. As
shown in Fig. 4, there are twisting and cold tearing along
with the wire surface at the rotational speed of 180 r/min.
However, at the rotational speeds of 250 and 355 r/min,
the entire lengths of the wires are with smooth surface
and without any cracks. Moreover, the results show that
the surface roughness is minimum at the rotational speed
of 355 r/min, with the R, values in the extrusion and
traverse directions are 0.23 and 1.41 um, respectively.
The optical image of the parent material is shown in
Fig. 5. It is apparent that large grains are distributed in
the parent material with the size of several millimeters,
whereas the extruded specimens show relatively
fine grains. The comparison of the microstructure views

(a) {
um
©
um
25um

Fig. 6 Optical micrographs of wires produced at different rotational speeds: (a, b) 180 r/min; (c, d) 250 r/min; (e, f) 355 r/min

between the parent material and the wires in Figs. 5 and
6 proves that the grain refinement happens during the
FSE process. In the FSE process, dynamic
recrystallization that occurs during the deformation leads
to the generation of fine grains. However, the average
grain size is probably affected by the heat amount factor
which is the direct result of the die rotation speed. The
average grain size in the center of each specimen is

10pm
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shown in Table 1, which was measured by the mean
linear intercept method. The average grain size in the
FSE specimen ranges from 9 pm to 27 pm, which is
much smaller than that of the base material (BM).
Moreover, the two optical microscopy images for each
sample show that the microstructure is not uniform along
the wire. As shown in Fig. 6, in all specimens, the grains
in the center are larger than those in the boundary of the
wires. This may be attributed to the higher strain rate in
the center regions.

Table 1 Average grain size of FSE samples

Sample Rotational speed/ Plunge rate/ Average grain

No. (rmin") (mm-min ") size/pm
1 180 20 15
2 250 20 9
3 355 20 27

3.3 Hardness and wear performance

For the BM, the average hardness value is
approximately HV 25. A fine-grained material (one that
has small grains) is harder and stronger than the coarse-
grained one, since the former has a greater total grain
boundary area to impede the dislocation motion [22].
The Vickers microhardness profiles of the cross-section
of the wires perpendicular to the extrusion direction are
shown in Fig. 7. It can be seen that the hardness value
along the diameter of the wire is higher than that of the
BM. The relationship between the room-temperature
hardness H and the average grain size D is represented
by Hall-Petch equation [22]:

H=H,+kD"? (1

where D is the average grain diameter, Hyand k are the
constants for a particular material.

It is suggested from Eq. (1) that the FSE specimens,
when D is reduced to around or less than 5 pm, possess
higher performance of the room-temperature hardness
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Fig. 7 Microhardness profiles of BM and produced wires

compared with the first machined chips.

Figure 8 shows the variation of friction coefficient
with sliding distance (SD) for the BM and the FSE
samples. The average friction coefficient of the BM is
found to be 0.411 as indicated by high fluctuations in the
friction curves. The minimum value of friction
coefficient is about 0.106 that is achieved at the
rotational speed of 355 r/min, which is clearly much
lower than that of the BM. From Fig. 8, it is found that
the average friction coefficient of 180 r/min sample is
significantly higher than those of 250 and 355 r/min
samples. This result was not unexpected due to the lower
hardness values of 180 r/min sample shown in Fig. 7.

i
0.7f J
0.6
057
0.4
0.3
0.2
0.1
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(b) Average friction coefficient: 0.352
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Fig. 8 Variation of friction coefficient of BM (a) and wires

produced at rotational speed of 180 r/min (b), 250 r/min (c) and
355 r/min (d)
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The SEM images of the worn surfaces of the BM
and FSE samples are shown in Fig. 9. The existence of
the deep ploughs in Fig. 9(a) shows the severe adhesive
wear happened on the surface of the BM. When two
sliding surfaces come into contact, normal and tangential
loads are transmitted through the contact areas by
ploughing and adhesive actions. From the SEM
micrograph of the worn surfaces, it is found that the
abrasive wear also happens in the BM. Although the
metal-to-metal contact between the steel disk and the Mg
surface is expected to occur adhesive wear, it seems that
resulted in a combination of adhesive and abrasive wear.
The adhesive wear transfers the removed material from
the surface of the BM to the steel disk. These transferred
materials might have been oxidized during the sliding
and therefore the large metallic debris particles are
produced [23]. The existence of these particles could
result in abrasive wear and increase the wear rate of the
parent material.

Albeit both the BM and FSE samples exhibit similar
wear mechanisms, the present results indicate that the
FSE wire surfaces have lower friction coefficient and
smaller wear rate, which implies that the FSE samples
have higher wear resistance than the BM. The fine

Sliding direction

¥

equiaxed grains and the consequent hard surface of the
FSE samples positively affect the wear resistance. As
mentioned before, according to the Hall-Petch
relationship, the reduction in the grain size will result in
the hardening or strengthening of the metal, thereby in
accordance with Archards law [24]:

VIL=KWIH 2)

where V is the wear volume, L is the sliding distance, K
is the coefficient of wear, W is the normal load, and H is
the hardness of the softer material in the two contacting
metals. The H is valid to both the adhesive and abrasive
wears, in other words, the higher the hardness, the lower
the wear volume would be.

Increased hardness prevents the wires from the
severe adhesive wear and consequently decreases the rate
of wear.

The wear mass loss versus the sliding distance is
plotted for the BM and the fabricated wires (Fig. 10). As
shown in Fig. 10, the mass loss increases with increasing
the sliding distance, and the mass loss of the BM is much
higher than that of the FSE specimens. Again, the effect
of the FSE process on decreasing the wear mass loss
of the machined chips can be attributed to the enhanced

Fig. 9 Typical worn surface morphologies of BM (a) and wires produced at rotational speed of 180 r/min (b), 250 r/min (c) and

355 r/min (d)
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Fig. 10 Mass loss as function of sliding distance for BM and
FSE samples

hardness and strength of the material against the plastic
deformation by reducing the adhesion between the
sliding disk and the metal.

It can be concluded from these results that the wear
resistance of the pure Mg chips significantly was
enhanced by the friction stir extrusion due to the
intensive grain refinement during the process.

3.4 Corrosion resistance
It can be seen from Fig. 11 that the corrosion
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potential (..;) smoothly differs from one FSE sample to
another. The values are around —1.5 V (vs SCE), while
the value for the BM is around —1.6 V. So, in almost all
cases, the BM is more reactive than the FSE specimens.
Therefore, the FSE specimens have better pitting
resistance as compared with the as-received material.
The most important factors affecting the corrosion
behavior of Mg alloys are the alloying elements, grain
size, microstructural modification and heat treatment. It
seems that in the FSE process of pure Mg, the grain size
is the most important factor affecting the corrosion
behavior. Friction stir extrusion as a solid-state process
refines the microstructure, which is beneficial to the
corrosion properties. For the FSE samples, since the
structure and grain sizes are almost the same, there is a
little difference between the corrosion resistances of
them. As mentioned before, the first machined pure Mg
chips exhibited very coarse grains with the size of
several millimeters, whereas the extruded wires showed
relatively fine grains (Fig. 6). The large grain may be the
main reason of the poor corrosion behavior of the pure
Mg. Many previous studies reported that the reduction of
the grain size in Mg alloys can lead to a significantly
reduced [25,26]. Moreover, the
segregation of alloying elements and the impurities in
the grain boundaries result in a more cathodic behavior

corrosion  rate

(b)
-1.0F

@(vs SCE)/V
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lg[J/(A-cm™)]
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Fig. 11 Potentiodynamic polarization curves of BM (a) and wires produced at rotational speed of 180 r/min (b), 250 r/min (c) and

355 r/min (d)
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of the grain boundaries compared with the center of the
grains. In the fine grained Mg alloys, the anode and
cathode are close to each other and distributed more
uniformly, hence the corrosion behavior appears to be
more homogeneous. The homogenous corrosion
behavior is an important factor in the cardiovascular
stent applications.

4 Conclusions

1) FSE is an energy efficient solid-state synthesis
process that produces the extruded products by direct
conversion of the scrap materials to the advanced
nano-engineered bulk material in a single step.

2) The FSE of the machined pure Mg chips resulted
in the fabrication of the wires with good surface quality
and fine homogenous microstructure. The resulted
microstructure lowered the friction coefficient and
enhanced the wear resistance of the BM after extrusion.

3) The grain size and the evolution of
microstructure are the factors affecting the corrosion
behavior of the FSE samples. The fine grains may be the
main reason of the improved corrosion resistance of the
produced wires.
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