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Abstract

Friction stir processing (FSP) has been applied to incorporate 5-10 vol.% nano-sized SiO, into an AZ61Mg alloy matrix to form bulk
composites. The nano-particles were uniformly dispersed after four FSP passes, and the average grain sizes of the composites varied
within 0.5-2 um. The composites nearly doubled the hardness of the base material and exhibited high strain rate superplasticity.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

After the success and gradually wider applications of the
friction stir welding (FSW) technique initially developed by
The Welding Institute in the UK [1] in joining aerospace
aluminum alloys, its recent modification into friction stir
processing (FSP) [2,3] has also attracted attention. FSP
has been demonstrated to be an effective means of refining
the grain size of cast or wrought aluminum based alloys via
dynamic recrystallization. A fine grain size typically in the
range of 0.5-5 um in the dynamically recrystallized zone of
friction stir processed aluminum and magnesium alloys has
been widely reported [2-6]. Extrafine grain sizes in the
range of 30-180 nm have also been demonstrated [7]. In
addition, Mishra et al. [8] have mixed second phases into
the matrix during FSP to fabricate surface composites.
There are several methods to fabricate particulate rein-
forced Al or Mg based composites, including stir casting
[9], squeeze casting [10], molten metal infiltration [11],
and powder metallurgy [12]. FSP appears to offer another
route to incorporate ceramic particles into the metal matrix
to form bulk composites.
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For most isotropic composites, the micro-sized whiskers
or particulates with a reinforcement volume fraction of 15—
35% are commonly added into metallic alloys through cast-
ing, liquid infiltration or powder metallurgy. In terms of
grain size refinement and particle strengthening, one
of the critical microstructure parameters is the particle
interspacing L, which can be roughly estimated from L =
(d)/2)2n/3V)"? [13] where (d) is the average particle
diameter and V7; is the particle volume fraction. With rein-
forcing particles of V;=20% and (d) =20 pm in typical
aluminum based composites, L will be around 32 pum.
The resulting grain size after casting would generally fall
into this range. Further hot extrusion may refine the grain
size down to 5-10 um. According to the above equation, as
the reinforcement size (d) decreases to the 10-50 nm range,
the composites only need a small volume percentage to
result in the interspacing being in the 100-1000 nm range.
Upon being subjected to further thermomechanical treat-
ments, the modified alloys might be processed to produce
extrafine grain sizes of less than 100 nm [14]. This also sug-
gests that the addition of 3% nano-powders might be able
to stabilize the grain size to less than 500 nm at elevated
temperatures and enhance superplasticity in the modified
alloy [14].

Dispersion of the nano-reinforcements in a uniform
manner is a critical and difficult task. A limited number
of methods of dispersing the nano-powders have been
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disclosed, as most of them are still protected by patents.
The current paper presents a simple means of employing
FSP to fabricate Mg based nano-composites.

2. Experimental methods

The AZ61A billets used in this study have a chemical
composition in mass percent of Mg—6.02%Al-1.01%Zn—
0.30%Mn. This alloy is a solution hardened alloy with min-
imal precipitation. The billet possessed nearly equiaxed
grains around 75 pm (based on the linear line intercept
method from three cross-sectional planes). The billet was
cut as rectangular samples 60 mm in width, 130 mm in
length and 10 mm in thickness. Amorphous SiO, nano-
particles have an average diameter (d) ~ 20 nm and purity
~99.9% (Fig. 1). The amorphous SiO, particles are nearly
equiaxed in shape, with a density of 2.65 Mg/m?>.

The simplified FSP machine used in this experiment was
a modified form of a horizontal-type milling machine, with
a 5 HP spindle. The fixed pin tool was 6 mm in diameter
and 6 mm in length. The shoulder diameter was 18 mm,
and a 2° tilt angle of the fixed pin tool was applied. The
pitch distance was 1 mm. The advancing speed of the rotat-
ing pin was kept constant in this study to be 45 mm/min,
with a fixed pin rotation of 800 rpm. The plates were fixed
by a fixture and ambient air cooling was applied. In order
to maintain the entire fixture at the initial temperature
(room temperature) after each pass, the back plate of the
fixture was designed to contain three cooling channels with
cooling water passing through them. Using the methods
described in a previous paper [6], the strain rate and the
maximum temperature experienced during FSP are around
10" s7! and 400°C, respectively. To insert the nano-SiO,
particles, one or two grooves each ~6 mm in depth and
1.25 mm in width were cut, in which the nano-SiO, parti-
cles were filled to the desired amount before FSP. The
groove(s) were aligned with the central line of the rotating
pin (Fig. 2b). In order to prevent the SiO, from being
displaced out of the groove(s), surface ‘“‘repair” was
accomplished with a modified FSP tool that only had a
shoulder and no pin. The volume fractions of the SiO,

Fig. 1. TEM micrograph and diffraction pattern of the amorphous 20 nm
Si0, particles.
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Fig. 2. The FSP procedure: (a) cutting groove(s) and inserting SiO,
particles; (b) using a flat tool to undertake the surface repair; (c) applying
a tool with a fixed pin to undertake the FSP; and (d) conducting multiple
FSP passes.

nano-particles inserted into the AZ61Mg alloy were calcu-
lated to be around 5% and 10% for the one and two deep
grooves (1D and 2D), respectively.

Vickers hardness tests were conducted using a 200 gf
load for 10 s. The grain structures and the particle distribu-
tion of etched and unetched specimens were examined by
optical microscopy (OM), and scanning or transmission
electron microscopy (SEM or TEM) with energy dispersive
spectrometry (EDS). The size of clustering silica was
analyzed by Optimas® image analysis software in SEM
photographs at different magnifications. The texture was
examined by X-ray diffraction (XRD) to observe the trans-
verse cross-sectional plane.

3. Results and discussion
3.1. Microstructures

From the transverse cross-sectional view, there is a char-
acteristic onion ring, measuring nearly 6—7 mm in diame-
ter. The nano-SiO, particles are predominantly spread in
this regime by the vigorous stirring during FSP at the
working temperature around 200-400 °C.

After one-pass (1P) FSP, the particle dispersion within
the central cross-sectional area of the onion ring regions
was macroscopically uniform, as shown in Fig. 3(a) for
the one groove specimen (1D1P). However, the observed
clustering particle size is frequently 0.1-3 um (Table 1),
much larger than the individual SiO, size (~20 nm). The
situation after two to four passes (2P, 3P, and 4P), with
opposite FSP directions for the following pass (i.e. back
and forth), appears to have further reduced the clustering
Si0, size, as shown in Fig. 3 for the 1D4P and 2D4P spec-
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Fig. 3. SEM micrographs showing the particle dispersion: (a) 1DI1P
(Vi ~ 5%); (b) 1D4P (Vy~ 5%); and (c) 2D4P (Vi ~ 10%). Some large
AlyMn phase in distinctly white contrast, measuring 1-3 pm in diameter,
can also be seen.

Table 1

Summary of the average SiO, cluster size and the average AZ61 matrix
grain size in the 1D (with Vy~5%) and 2D (with V;~ 10%) FSP
specimens

1DIP 1D2P 1D3P 1D4P
SiO; cluster size (nm) 600 210 210 190
Average grain size (um) 3.1 2.8 2.0 1.8

2D1P 2D2P 2D3P 2D4P
SiO; cluster size (nm) 300 200 170 150
Average grain size (um) 1.5 1.5 1.0 0.8

The individual SiO; size is 20 nm and the initial AZ61 billet grain size is
75 pm.

imens. At higher magnifications, these clustered silica par-
ticles are situated on the grain boundaries or trip junctions,
and some are embedded inside the grains, as shown in
Fig. 4. The size of clustered silica becomes smaller and
smaller with increasing FSP passes, as is evident from the
statistic data in Fig. 5. Some of the large particles, 1-
3 um in diameter, were identified by SEM-EDS to be Mn
bearing dispersoids. The dispersoids are mostly likely
Al4Mn formed in the AZ61 billet during semi-continuous
casting.

The typical grain sizes of the composites, estimated
using both SEM and TEM micrographs, with 5% and
10% SiO, in volume fraction after four FSP passes are
1.8 and 0.8 pm, respectively (Table 1). The resulting grain
size is significantly refined from the initial grain size of
75 um for the AZ61 billet. If all of the SiO, nano-particles
are completely and uniformly dispersed, the theoretically
estimated grain size should vary within 0.1-0.2 pm. It fol-
lows that a certain level of local clustering is inevitable,
and not all nano-particles can restrict grain boundary
migration (Fig. 4). Note that the typical grain size of the
AZ61 alloy (without nano-SiO, particles) after the same

50kv X15000 1/m WD 11.0mm

Fig. 4. SEM photograph of the 2D4P specimen showing clustered silica
located on grain boundaries or triple junction and some silica embedded in
the matrix grains.
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Fig. 5. Statistical results for the clustered silica in the central regime of the
1D specimen after 1-4 FSP passes. Both 1D and 2D specimens showed the
same trend.
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4P FSP was measured to be around 7-8 pm in our separate
studies. The microstructures in the FSP specimens with
nano-SiO, fillers can be refined to a much smaller scale
than the parent alloy.

3.2. TEM phase identification

Fig. 6 presents typical TEM micrographs of the compos-
ite specimens. The grain size was estimated by the image
analysis software and the data are presented in Table 1.
Within the grain interior, tangled dislocations and SiO,
particles measuring around 10-100 nm can be seen.

The nano-SiO, particles maintained their amorphous
nature, suggesting that they were not transformed to a
crystalline phase during the elevated temperatures experi-
enced during FSP. Experiments to confirm this have been
conducted by thermally annealing the amorphous SiO, at
430 °C for 10 min (which is higher in temperature and
longer in time duration than that experienced during
FSP), and still no crystallization was traced by XRD.
Occasionally, the TEM diffraction patterns contained mul-
tiple rings, which were identified by the d-spacing to origi-
nate from MgO fine particles measuring around 5-10 nm
(Fig. 7). The MgO phase is formed partly during FSP
and partly during TEM foil preparation. After multiple
passes, say 3 or 4, some SiO, particles would react with

Fig. 6. TEM micrographs showing the matrix grain size and SiO, particle
distribution in the FSP composites: (a) ID1P; (b) 1D4P; (c) 2D1P; and (d)
2D4P.

Fig. 7. Fine MgO particles formed in the FSP specimens.

the Mg matrix to form Mg;Si, as shown in Fig. 8. It is sug-
gested that part of the nano-sized silica particles were orig-
inally transformed into MgO and Si, and the Mg and Si
reacted to form the Mg,Si compound; both MgO and
Mg,Si phases measuring 5-200 nm would form during
FSP.

3.3. XRD results

The XRD patterns for the transverse cross-sectional
plane of the friction stir processed composites are presented
in Fig. 9. For complete randomly oriented Mg powders,
the (1011) peak intensity should be double that of the
(1010) and (0002) peaks. But in the FSP composites,
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Fig. 8. TEM/EDS results showing the presence of Mg,Si in the FSP
composite specimens.
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Fig. 9. X-ray diffraction patterns for the 1D and 2D composites after
various FSP passes.
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the (0002) peak becomes stronger than the (1011) peak.
This implies that the (0002) basal planes tend to lie on
the transverse plane of the friction stir processed specimen
(or perpendicular to the pin travel direction). There
appears to be a shear stress surrounding the rotating pin
during FSP to induce the easiest slip planes of Mg crystal,
i.e. the (0002) planes, to align with the shear stress.

XRD results also reveal the presence of Mg,Si and MgO
phases in the composite specimens, as shown in Fig. 10.
The peaks related to Mg,Si are not clear in the 1D speci-
mens, but become more evident in the 2D4P specimens,
consistent with the TEM observation. It implies that the
SiO, particles would gradually react with the Mg matrix
with an increasing number of friction stir passes.

3.4. Hardness measurement

The typical microhardness readings, H,, in the central
cross-sectional zones of the friction stir processed speci-
mens are depicted in Fig. 11. The gray regions in the figure
represent the groove locations where the silica powders
were added into AZ61 before FSP. Almost a double incre-
ment of the hardness of the parent AZ61 alloy was
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Fig. 10. X-ray diffraction showing the Mg,Si and MgO phases in the FSP
composites.
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Fig. 11. Typical variation of the microhardness H, distributions in the
AZ61 base alloy (no SiO,) and composites.

Table 2
Comparison of the mechanical properties of the AZ61 alloy and
composites

Material H, YS UTS Elongation
(MPa) (MPa) (%)
AZ61 billet 60 140 190 13
AZ61 after 4P FSP 72 147 242 11
ID2P (V; ~ 5%) 91 185 219 10
1D4P (V¢ ~ 5%) 97 214 233 8
2D2P (Vi ~ 10%) 94 200 246 4
2D4P (Vi ~ 10%) 105 225 251 4

YS: yield strength; UTS: ultimate tensile strength.

achieved, especially for the 2D specimens with 10 vol.%
Si0,, as compared in Table 2. After FSP, the scattering
of H, within the FSP nugget zone is considered to be
minor, implying that the pin stirring efficiently dispersed
the nano-silica powders in a reasonably uniform manner,
especially after more than one-pass. For the AZ61 alloy
with no silica powder, after FSP, the H, hardness could
also increase from ~60 up to ~72 due to grain refinement
from 75 um down to 7-8 um via dynamic recrystallization.

3.5. Mechanical properties

Room temperature tensile samples were machined par-
allel to the welding direction. Table 2 also lists the tensile
properties of the FSP alloy and composites, taking the
average from two to three specimens. The yield stress of
the FSP composites was improved to 214 MPa in the 1D
and to 225 MPa in the 2D specimens, compared with
140 MPa of the as-received AZ61 billet and 147 MPa of
the friction stir processed AZ61 alloy without silica rein-
forcement. The ultimate tensile strength is also appreciably
improved in the composite specimens.

The tensile elongation of the 2D4P composites at 350 °C
reaches 350% at 1x1072s~! and 420% at 1x107's7!,
clearly exhibiting high strain rate superplasticity (HSRSP).
This also implies that the dispersion of the nano-SiO, par-
ticle is sufficiently uniform, so that extensive elevated tem-
perature deformation can be achieved. However, the tensile
elongation at 350 °C and a lower strain rate of 1 x 107> 57!
is barely 100%. This interesting HSRSP characteristic will
be presented elsewhere.

4. Conclusions

Friction stir processing successfully fabricated bulk
AZ61Mg based composites with 5-10 vol.% of nano-SiO,
particles. The distribution of amorphous SiO, nano-parti-
cles measuring around 20nm after four FSP passes
resulted in satisfactorily uniform distribution. The grain
size of the 2D4P composites could be effectively refined
to 0.8 um, as compared with the 7-8 um in the FSP
AZ61 alloys processed under the same FSP condition.
Some SiO, reinforcement would react with Mg to form
the Mg,Si and MgO phases during FSP. Nevertheless, both
phases are still in the 5-200 nm fine scale. The hardness and
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mechanical strength at room temperature of AZ61Mg
composites with nano-fillers was strengthened, as com-
pared with the AZ61 cast billet. And high strain rare super-
plasticity over 400% was achieved in the 2D4P composites.
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