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Annealed and wrought AA5052 aluminum alloy was subjected to friction stir processing (FSP)
without and with 3 vol pct TiO2 nanoparticles. Microstructural studies by electron backscat-
tered diffraction and transmission electron microscopy showed the formation of an ultra-fine-
grained structure with fine distribution of TiO2 nanoparticles in the metal matrix. Nanometric
Al3Ti and MgO particles were also observed, revealing in-situ solid-state reactions between Al
and Mg with TiO2. Tensile testing at different strain rates determined that FSP decreased the
strain rate sensitivity and work hardening of annealed Al-Mg alloy without and with TiO2

nanoparticles, while opposite results were obtained for the wrought alloy. Fractographic studies
exhibited that the presence of hard reinforcement particles changed the fracture mode from
ductile rupture to ductile-brittle fracture. Notably, the failure mechanism was also altered from
shear to tensile rupture as the strain rate increased. Consequently, the fracture surface contained
hemispherical equiaxed dimples instead of parabolic ones.
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I. INTRODUCTION

ALUMINUM matrix nanocomposites (AMNCs) are
an important class of new materials for structural and
electrical applications.[1] Particulate-reinforced AMNCs
are of particular interest because of their isotropic
properties and relatively low-cost fabrication proce-
dure.[2] It is well established that the mechanical
properties of AMNCs are controlled by the size and
volume fraction of the reinforcements as well as the
nature of the matrix-reinforcement interface.[1] Superior
mechanical properties can be achieved when fine and
stable reinforcements with good interfacial bonding are
dispersed uniformly in the matrix,[3,4] which can be
achieved via in-situ reactions upon processing. Various
methods such as mechanical alloying (MA),[5] reactive
hot pressing (RHP),[6] reactive squeeze casting (RSC),[7]

and combustion synthesis[8] have been used to prepare
AMNCs, in which the reinforcement particles are
formed in situ during processing. When the fabrication

process is combined with severe plastic deformation of
the metal matrix, the grain structure is also refined
yielding another advantage of ultra-fine-grained mate-
rials with regard to mechanical properties.[9]

Friction stir processing (FSP) is a relatively new solid-
state procedure for the fabrication of AMNCs.[10–17] In
this process, a rotating tool pin is plunged into the
surface of metallic sheets and traversed along their
surface. The friction and plastic deformation imposed
by the tool heat and soften the workpiece, while the tool
pin promotes intermixing of material in a local
region.[18] Severe plastic deformation of the metal matrix
promotes mixing and refining of the grain structure and
constituent phases, while the local temperature rise
facilitates the formation of intermetallic phases such as
Al3Fe, Al2Cu, Al3Ni, and Al3Ti.

[10–12,15,17] Conse-
quently, the fine-grained structure and homogeneous
distribution of hard particles yield superior mechanical
properties.
For instance, Hsu et al.[10] and Zhang et al.[19] reported a

considerable enhancement in elastic modulus and yield
strength of Al-Al3Ti nanocomposites fabricated by reac-
tive FSP of Al-Ti powder mixtures; similarly, Zhang
et al.[17,20] processed Al-TiO2 sheets and showed a signif-
icant grain refinement together with in-situ formation of
Al3Ti and Al2O3 phases, which enhanced mechanical
strength; studies also were performed on the fabrication of
Al-Al3Ni, Al-Al3Fe, and Al-Al2Cu nanocomposites by
reactive FSP of Al-Ni,[21] Al-Fe,[12] and Al-Cu.[22] Despite
the potential application and advantages of reactive FSP
for the fabrication of AMNCs, further investigations are
required to determine the microstructure-mechanical
property relationship aiming to promote our understand-
ing of the texture development, flow stress behavior, and
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Slovak Republic.

Manuscript submitted December 11, 2013.
Article published online May 17, 2014

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 45A, AUGUST 2014—4073



fracture mechanisms. Particularly, studies on strain rate
sensitivity and work hardening are important for sub-
sequent thermomechanical treatments that make the
processed sheets applicable for the fabrication of func-
tional products. The role of pretreatment (annealed or
wrought sheets)on themicrostructural developmentsupon
FSP and the resultingmechanical properties should alsobe
evaluated, because prestored strain energy can affect the
strain rate sensitivity, work hardening, and fracture
behavior of the processed samples.

The aim of the present work is to study the micro-
structural development, texture formation, and fracture
behavior of a friction-stir-processed Al-2.2 pct Mg-3 vol
pct TiO2 nanocomposite. Annealed and wrought Al-Mg
alloy sheets were used to examine the effects of
pretreatment (metallurgical history) on the microstruc-
tural development and mechanical properties. Preplaced
TiO2 nanoparticles were used to promote the in-situ
reaction upon FSP, yielding nanometer-sized Al3Ti as
reinforcement particles. Tensile testing was performed at
strain rates ranging from 0.001 to 0.1 s–1 to explore the
flow stress behavior of the examined materials. It is
noteworthy that the strain rate sensitivity and flow
behavior of Al-Mg alloys fabricated at different pro-
cessing conditions were frequently investigated.[23–28]

Superplasticity of Al-Mg alloys is commonly related to
grain refinement and increased strain rate sensitivity.
However, in friction-stir-processedAMNCs, the presence
of hard inclusions should alter the flow behavior and the
effect of strain rate on the fracture behavior. Particularly,
in-situ reactions between the metal matrix and additives
(e.g., TiO2 nanoparticles) during FSP could lead to Mg
depletion that affects the flow behavior of the processed
sheet upon tensile testing and its fracture behavior.[29] On
the other hand, pretreatment of the alloy sheets can
influence the flow patterns through the stir zone (SZ)
during FSP and, thus, affect microstructural evolution,
crystallographic textural development, and plastic defor-
mation, topics that have not been investigated in detail to
the authors’ best knowledge. This article presents the
experimental results on the tensile flow behavior and
fracture of Al-2.2 pct Mg alloy reinforced with Al3Ti and
MgO phases processed via FSP.

II. EXPERIMENTAL PROCEDURE

A. Materials

Wrought AA5052 sheets in H32 heat treatment
condition with chemical composition 97.04Al-2.23Mg-
0.292Fe-0.163Cr-0.147Si-0.114Mn-0.0077Zn-0.0065Cu

(wt pct) were supplied by Arak Aluminum Co. (Arak,
Iran). To study the effect of pretreatment, a batch of
sheets was subjected to an annealing heat treatment at
500 �C for 2 hours followed by water quenching.
Titanium dioxide powder with chemical purity
~99.99 pct and average particle size ~30 nm in the
anatase phase was purchased from US Nano Company
(Houston, TX).

B. Friction Stir Processing

FSP of the annealed and wrought Al-Mg alloys was
performed using a cylindrical nonconsumable tool made
from H13 steel with specifications summarized in
Table I. This tool was heat treated to 48 HRc before
use. For the preparation of Al-Mg-TiO2 nanocomposite,
rectangular grooves with dimensions of 210 9 3.5 9
1.2 mm were machined in the middle of annealed and
wrought sheets. After cleaning with acetone, the grooves
were filled with TiO2 nanoparticles. To encapsulate the
nanoparticles, the grooves were sealed by a prefriction
stir treatment with conditions given in Table I. After-
ward, four-pass FSP was employed parallel to grooves
with 100 pct overlap to obtain a uniform dispersion of
nanoparticles through the metal matrix. Figure 1(a)
demonstrates the details of the FSP process used in this
study.

C. Microstructure and Texture Evaluations

The aspects of sample preparation for microstructural
studies are shown in Figure 1(b). To prepare cross-
sectional specimens for microstructural studies, electric
discharge machining was used. After employing the
standard metallographic procedure by consecutive SiC
abrasive papers (320, 600, 800, 1200, and 2500) and
mechanical polishing with diamond solutions (10, 3, and 1
lm), a modified Poulton’s chemical solution was used for
chemical etching for 5 to 10 seconds. The etchant was
composed of 1 mL H2O/6 mL HNO3/1 mL HF/12 mL
HCl and25 mLHNO3/1 gH2CrO4/10 mLH2O solutions.
The microstructure of the SZ, thermomechanically

affected zone (TMAZ), heat-affected zone (HAZ), and
base metal (BM) was examined using an Olympus (OM)
PME3 equipped a digital camera and a CLEMEX-
BX51M image analyzer, Germany. A field-emission
scanning electron microscope (FESEM, JEOL*)

Table I. Tool Specifications and Process Conditions Used to Accomplish FSP

Specifications Tools Process

Parameters

Shoulder
Diameter
(mm)

Pin
Diameter
(mm)

Pin
Height
(mm)

Thread
Depth
(mm)

Thread
Angle
(Deg)

Nuting
Angle
(Deg)

Rotational
Velocity
(rpm)

Traverse
Speed

(mm/min)
Number of

Pass

Capping pass 12 — — — — 2.5 1125 30 1
Main FSP 18 5 4 0.5 30 2.5 1200 100 4

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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equipped with an electron backscattered diffraction
(EBSD) detector was used for studying the grain
structure and crystallographic texture of the specimens.
Before EBSD studies, metallographic sections were
subjected to ion milling (JEOL) to release the surface
residual stresses. Grains with misorientation angles in
the range of 1.5 to 15 deg were considered low-angle
grain boundaries (LAGBs), while boundaries with
higher misorientation angles higher were regarded as
high-angle grain boundaries (HAGBs). Mechanical
polishing and ion milling were used to prepare thin
samples (~50 nm) for transmission electron microscopy
(TEM). Examinations were performed by a JEOL
2000FX transmission electron microscope and a
CM300 Philips high-resolution transmission electron
microscope (HRTEM CM300, Philips, Amsterdam,
Netherlands) operated at 200 and 300 kV, respectively.

D. Mechanical Characterizations

To determine the hardness profile along different
zones, a Vickers microindenter (Böhler-Uddeholm,
Düsseldorf, Germany) at a load of 0.3 kg and dwell
time of 15 seconds was used. The measurements were
carried out along the cross section about 2 mm below
the top surface (Figure 1(b)). To evaluate the mechan-
ical properties of the processed specimens, tensile testing
at strain rates of 0.001, 0.01, and 0.1 s–1 was performed.
The range of the applied strain rate was in the quasi-
static loading condition. A uniaxial tensile test at
ambient temperature was performed on samples with a
gage length of 32 mm machined from the SZ along the
FSP direction in accordance with the ASTM E8
standard.[30] These tensile samples were prepared from

the middle of the SZ with a cross-sectional area of 6 9
4 mm2, as schematically shown in Figure 1(b). An

INSTRON** universal tensile loading machine with a
load cell of 10-kN capacity and frame stiffness of
100 kN/mm was used. All tests were performed under
the strain rate control condition. An HT self-supporting
axial extensometer of series 3448 (Epsilon Tech, WY,
USA) was used during tensile loading to monitor and
record the load displacement at the gage length. For
each condition, tensile testing was repeated 3 times and
the mean values were reported. The fracture surface of
the examined samples was studied by FESEM.

III. RESULTS

A. Microstructural Characterization

Cross-sectional images of the Al-Mg alloy and Al-
Mg-TiO2 nanocomposite prepared from FSP of the
annealed and wrought sheets are presented in Figures 2,
3, and 4. The mean values of the grain size in different
zones (BM, HAZ, TMAZ, and SZ) are reported in
Table II. Microstructural studies indicated that the size
of SZ in the wrought samples was larger than that of the
annealed specimens (Figure 2). A wider onion ring
structure was also seen in the wrought samples while the
distribution of TiO2 nanoparticles was poorer (i.e.,
coarse powder agglomerates were observed). At a higher
magnification, refinement of the grain structure of the

Fig. 1—Schemes show (a) FSP process accomplishment and (b) sample preparation for microstructural characterization and mechanical testing.

**INSTRON is a trademark of Illinois Tool Works Inc. (ITW),
Glenview, IL.
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SZ zone was seen (Figure 3). Notably, the elongated
grain structure of the wrought Al-Mg alloy was changed
to equiaxed. The addition of TiO2 nanoparticles further
refined the grains and caused the formation of onion
ring patterns.

Microstructural evaluation of TMAZ and HAZ
revealed FSP-refined grains of TMAZ with no change
in HAZ structure for the annealed Al-Mg alloy and
Al-Mg-TiO2 nanocomposite (Figure 4). Notwithstand-
ing in the specimens prepared from the wrought alloy,
recrystallization of the elongated grains occurred due
to the heat imposed by the rotating tool, and coarse-
equiaxed grains were formed. The size of the HAZ for
these samples in both advancing and retreating sides
was also extended to shoulder diameter.

To further quantitatively study the grain structure of
the specimens, EBSD was employed. Figure 5 shows
EBSD maps of different samples. The annealed Al-Mg
base alloy displayed a relatively coarse-grained struc-
ture with an average size of ~50 lm (Figure 5(a)), while
the structure of the wrought alloy was elongated with a
high amount of LAGBs (Figure 5(b)). FSP of the
annealed Al-Mg alloy without the addition of TiO2

nanoparticles refined the grains with sizes of about 10
lm (Figure 5(c)). The elongated structure of the
wrought alloy was also diminished to form equiaxed
grains with a mean size of ~6 lm (Figure 5(d)). After
processing with TiO2 nanoparticles, a finer grain
structure (about 3 lm) was attained for the annealed
(Figure 5(e)) and wrought (Figure 5(f)) samples. As
compared to the Al-Mg alloy, the composites also
contained a higher portion of LAGBs, particularly for
the annealed specimen.

B. Texture Development

To study the effect of FSP, TiO2 nanoparticles, and
annealing on the crystallographic texture of the Al-Mg
alloy, pole figures of the samples were established from
the EBSD results, as shown in Figure 6. Color scales in
these maps represent the intensity of different poles with
the same orientation. After the FSP process, the
orientation of different directions was changed due to
severe plastic deformation imposed by the stirring pin
and subsequent dynamic recrystallization (DRX).
Hence, the intensity of crystallographic directions with
the same orientation was reduced, which led to a
decrease in the maximum number of the color scale
after projection (compare Figures 6(e) and (f) with (a)
through (d)). Analysis of the maps indicated random
and rolled textures for the annealed and wrought Al-Mg
alloy, respectively.
After FSP, the crystallographic texture of both sheets

revealed three major textural components of Brass
{110}h112i, Copper {112}h111i, and Cube {100}h001i.
The Brass and Copper components are known to
constitute a deformation texture, which is usually found
in face-centered-cubic (fcc) metals.[31–34] The Cube
component is a typical recrystallization texture associ-
ated with fcc metals. With the addition of TiO2

nanoparticles and affording FSP, the severity of these
texture components was improved, which can be attrib-
uted to the role of the hard (nondeformable) inclusions
on the deformation flow pattern and, thereafter, DRX
during FSP.[35] For the nanocomposite sample prepared
from the annealed Al-Mg alloy, the Brass and Cube
components were dominant, whereas the Copper

Fig. 2—Cross-sectional macroimages of friction-stir-processed sheets at (a) and (c) annealed and (b) and (d) wrought conditions. (a) and (b) Al-
Mg alloy and (c) and (d) Al-Mg-TiO2 nanocomposite.
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component was relatively weak (Figure 6(e)). In con-
trast, the Copper component was dominant in the
wrought base specimen, while the other two components
were comparatively weak (Figure 6(f)).

C. Transmission Electron Microscopy

TEM images of the Al-Mg alloy and Al-Mg-TiO2

nanocomposite are shown in Figure 7. The microstruc-
ture of the annealed Al-Mg alloy consisted of coarse
grains, elongated (Fe, Mn, Cr)3SiAl12 precipitates, and
Mg2Si particles (Figure 7(a)). A deformed structure with
a high content of subgrains and (Fe, Mn, Cr)3SiAl12 and
Mg2Si precipitates was detected in the microstructure of

the wrought Al-Mg alloy (Figure 7(b)). Employing FSP
caused grain refinement with a change in the morphol-
ogy and size of the precipitates. Elongated rodlike
Al-Fe-Mn-Si and round Mg2Si precipitates were ob-
served (Figures 7(c) and (d)). When TiO2 nanoparticles
were added, MgO and Al3Ti nanoparticles were also
detectable (Figures 7(e) and (f)). HRTEM studies
revealed that a crystal orientation relationship
[ð112ÞAl3Ti

jjð111ÞAl] between the Al3Ti particle and Al
matrix existed (Figure 7(g)). The interface of MgO/Al
also adopted a ð111ÞMgO?ð111ÞAl relationship
(Figure 7(h)). A coherent interface between nanosized
Mg2Si precipitates (~5 nm) and the Al matrix was seen
as well (Figure 7(i)).

Fig. 3—Optical micrographs showing the microstructure (BM) of (a) annealed and (b) wrought Al-Mg alloy. The microstructure of the SZ of
friction-stir-processed sheets: (c) annealed and (d) wrought Al-Mg alloys and (e) annealed and (f) wrought Al-Mg-TiO2 nanocomposites.
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D. Microhardness Profile

Microhardness changes along different zones of the
examined sheets are shown in Figure 8. The mean values
of Vickers microhardness of different zones for the
examined samples are reported in Table III. The results
indicated that FSP improved the hardness of the SZ and
TMAZ with no effect on HAZ hardness for the annealed
Al-Mg alloy, notwithstanding the fact that the hardness
of SZ and TMAZ reduced slightly while HAZ was
softened significantly. A similar trend was seen for the
nanocomposites, although higher hardness values were
obtained due to the presence of reinforcement particles.
Meanwhile, particle aggregation and poor material flow

in the nanocomposite made from the wrought sheet
yielded lower hardness values in the SZ.

E. Tensile Testing

Engineering stress-strain curves of the examined
sheets at three strain rates are shown in Figure 9. The
mechanical properties of the specimens are summarized
in Table IV. The tensile flow behavior exhibited a
serrated yielding phenomenon (Portevin–Le Chatelier
effect) depending on the processing conditions and
strain rates. A decreasing trend for the ultimate tensile
strength (UTS) with the strain rate is also noticeable. To

Table II. Average Grain Size of the Annealed and Wrought Al-Mg Alloys and Their Nanocomposites Measured

at Different Zones

Sample

Grain Size (lm)

BM HAZ TMAZ SZ

Annealed Al-Mg alloy 49.4 — — —
Wrought Al-Mg alloy 9.7 — — —
Friction-stir-processed annealed Al-Mg alloy 49.4 49.4 30.2 9.7
Friction-stir-processed wrought Al-Mg alloy 9.7 38.1 27.5 6.3
Friction-stir-processed annealed Al-Mg-TiO2 49.4 49.4 25.3 2.9
Friction-stir-processed wrought Al-Mg-TiO2 9.7 38.1 23.2 3.3

Fig. 4—Optical micrographs showing the microstructure of HAZ and TMAZ: (a) annealed and (b) wrought Al-Mg alloys and (c) annealed and
(d) wrought Al-Mg-TiO2 nanocomposites.

4078—VOLUME 45A, AUGUST 2014 METALLURGICAL AND MATERIALS TRANSACTIONS A



evaluate the flow behavior of the materials, the strain-
rate-sensitivity parameter (m) and work-hardening
exponent (n) were determined by[36]

m ¼ @ ln r
@ ln _e

� �
½1�

n ¼ @ ln r
@ ln e

� �
½2�

where r is the flow stress, e is the strain, and _e is the
strain rate. The plots of r-_e and r-e in the log-log scale
are shown in Figures 10(a) and (b), respectively. The

Fig. 5—EBSD maps show the grain structure of Al-Mg alloy at (a) annealed and (b) wrought conditions. EBSD maps of SZ after FSP: (c)
annealed and (d) wrought Al-Mg alloys and (e) annealed and (f) wrought Al-Mg-TiO2 nanocomposites.
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values of m and n for different materials were calculated
from the slope of the straight lines, as reported in Table
IV. It appeared that FSP of the annealed Al-Mg alloy
and its nanocomposite decreased strain rate sensitivity.
In contrast, the m value of the wrought alloy and its
nanocomposite increased when employing FSP. How-
ever, generally, the friction-stir-processed materials
exhibited weak strain rate sensitivity. Similar results
were obtained for the work-hardening exponent.

F. Fracture Behavior

Figures 11 and 12 show selected fracture surfaces of
the tensile-tested specimens prepared from the annealed
and wrought sheets at different strain rates. Character-
istics of ductile fracture were observed for the annealed
alloy before and after FSP without TiO2 nanoparticles
(Figures 11(a) through (c) and (e) and 12(a) through (c)
and (e)). For the nanocomposites, the fracture features
revealed a combined ductile-brittle rupture
(Figures 11(g) and (i) and 12(g) and (i)). As the strain
rate was increased, the shearlike dimples disappeared,
meaning that the tensile loading component was con-
tributed in the failure (Figures 11(a) through (c), (g),
and (i) and 12(a) through (c), (g), and (i)). Additionally,
with increasing the strain rate from 0.001 to 0.01 s�1, the
dimples became larger as an indication of more energy
absorption during fracturing (Figures 11(a) and (b) and
12(a) and (b)). At a higher strain rate of 0.1 s�1, a
decrease in the size of dimples was noticed
(Figures 11(c) and (i) and 12(c) and (i)). Similar results
were obtained for the wrought alloy, but the size of
dimples was finer than those of the annealed alloys

(Figures 11(d) and (f) and 12(d) and (f)). This behavior
was also seen for the nanocomposites, although the
portion of the brittle fracture was more pronounced
(Figures 11(h) and 12(h)). These failure features are
related to the grain structure of the materials (Figure 5),
as will be discussed in Section IV.

IV. DISCUSSION

Annealed and wrought sheets have different physical
and mechanical characteristics; hence, the materials
behave differently upon FSP. The prestored strain
energy in the wrought sheet makes it more sensitive to
the temperature rise, while the material flow is more
difficult due to higher strength. Consequently, SZ
becomes larger with a more intensive onion ring pattern
(Figure 2). Microstructural studies also showed signif-
icant grain refinement during FSP (Figures 3 and 5),
which can be related to the discontinuous dynamic
recrystallization (DDRX) mechanism.[37]

Since the wrought (cold-worked) Al-Mg alloy con-
tains a higher density of dislocations, more DDRX
nuclei sites should be present, which enhance the grain
refinement process (Figures 3(c) and (d) and 5(c) and
(d)). On the other hand, the addition of TiO2 nanopar-
ticles activates other effective mechanisms on DDRX
such as particle-stimulated nucleation (PSN)[38] and
grain boundary pining (Zener–Holloman[39]). Conse-
quently, the grain structure of the nanocomposites was
finer than the corresponding Al-Mg alloy (Figures 3(e)
and (f) and 5(e) and (f)). In addition to grain refining,
new precipitates were also formed (Figure 7).

Fig. 6—Pole figures of {100}, {110}, and {111} represent textural developments in the examined materials: (a) annealed and (b) wrought Al-Mg
alloys, (c) friction-stir-processed annealed and (d) wrought Al-Mg alloys, and (e) friction-stir-processed annealed and (f) wrought Al-Mg-TiO2

nanocomposites. Note that the color scale is not the same for all maps (Color figure online).
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Additionally, the combination of plastic deformation
and heating of the matrix modified the size and
morphology of precipitates (Figures 7(c) and (d)) via
deformation-assisted solution and reprecipitation aging
mechanisms.[40]

Texture studies determined that texture components
were changed by employing FSP and the addition of
TiO2 nanoparticles (Figure 6). The change in the texture
components from random to a mixture of Brass,
Copper, and Cube in the Al-Mg alloy could be
attributed to the DRX that forms new strain-free
recrystallized grains in the severely deformed zone.[41,42]

The presence of hard inclusions also affected the
formation of Brass/Cube and Copper textures as dom-
inant components in the prepared nanocomposites,
because hard (nondeformable) inclusions influence the
flow patterns and the effectiveness of the PSN and
Zener–Holloman mechanisms during DDRX.

Mechanical characterizations showed that pretreat-
ment of the sheets and preplaced TiO2 nanoparticles

significantly affected the strength and flow behavior of
the processed materials. For instance, microhardness
measurement (Figure 8 and Table III) determined that
grain refinement and distribution of hard inclusions
during reactive FSP improved the hardness of SZ, while
abnormal grain growth (Figures 3 and 4) caused hard-
ness loss in the HAZ. Meanwhile, as the strain rate
increased, the serrated flow behavior gradually disap-
peared (Figure 9). This behavior can be described by the
effect of strain rate on the dislocation mobility and
separation of dislocations from the Cottrell atmo-
sphere.[26,43] It is well known that the deformation of
crystalline alloys is controlled by the density (q) and
mobility of dislocations (m) and, thus, by the strain rate
(_e) through[44]

_e ¼ qbm ½3�

where b is the Burgers vector. With increasing strain
rate, the dislocation glide velocity is enhanced; hence,
dislocations can detach from the locking atmosphere,

Fig. 7—TEM images of Al-Mg alloy at (a) annealed and (b) wrought conditions. The microstructure of SZ after FSP: (c) annealed and (d)
wrought Al-Mg alloys and (e) annealed and (f) wrought Al-Mg-TiO2 nanocomposites. HRTEM images show the interface of the aluminum ma-
trix with (g) Al3Ti, (h) MgO, and (i) Mg2Si particles.
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thus degrading the role of DSA on the flow behavior.[45]

For nanocomposites, the formation of nanometric
Mg2Si precipitates and the depletion of Mg from the
matrix reduce the concentration of blocking atoms, which,
in fact, affects the serrated flow behavior with respect to
the BM and friction-stir-processed Al-Mg alloys.

Tensile testing at different strain rates exhibited the
effect of pretreatment and TiO2 nanoparticles on the
strain rate sensitivity and work-hardening behavior
(Figure 10). The relationship between the flow stress
(r) and strain rate can be expressed as[44]

r ¼ 1

qbv0XðrÞ
exp

DGðrÞ
kT

� �� �m

_eð Þm; ½4�

where DG(r) is the activation energy, X(r) is the average
distance traveled by the dislocation segment, m0 is
frequency, k is the Boltzmann constant, and T is
temperature. Equation [4] indicates that a lower dislo-
cation density enhances the flow stress. Since DDRX is
strongly operative during FSP of the wrought Al-Mg

alloy (as evidenced from the microstructure), it is
expected that the density of dislocations is reduced.
Consequently, increasing the strain rate enhanced the
yield stress. On the other hand, the presence of
nonshearable and nanometric inclusions in the nano-
composite impacts the dislocation density via thermal
mismatch with the metal matrix and Orowan mecha-
nism. Therefore, a positive dependent of the yield stress
to strain rate, i.e., higher m value, was attained.
Fractographic studies indicated different fracture

aspects of ductile and brittle models depending on
the strain rate, grain structure, and processing condi-
tion (Figures 11 and 12). It was shown that the
annealed, wrought, and friction-stir-processed Al-Mg
alloys exhibited a typical ductile fracture with deep
equiaxed dimples (Figures 11(a) through (c) and (e)
and 12(a) through (c) and (e)). A large amount of
deformation and necking was also observed. Ductile
fracture in most materials has a gray fibrous appear-
ance with equiaxed or hemispheroidal dimples.[46,47]

This kind of fracture occurs by the nucleation of

Fig. 8—Variation of Vickers microhardness along different zones of the processed materials.

Table III. Mean Values of Microhardness at Different Zones of Annealed and Wrought Al-Mg Alloys and Their Nanocomposites

Sample

Hardness (Vickers)

BM HAZ TMAZ SZ

Annealed Al-Mg alloy 51.1 ± 0.6 — — —
Wrought Al-Mg alloy 71.6 ± 1.2 — — —
Friction-stir-processed annealed Al-Mg alloy 51.1 ± 0.6 51.1 ± 0.6 51.6 ± 0.8 59.5 ± 2.0
Friction-stir-processed wrought Al-Mg alloy 71.6 ± 1.2 55.5 ± 1.2 65.3 ± 1.7 70.8 ± 2.1
Friction-stir-processed annealed Al-Mg-TiO2 51.1 ± 0.6 51.1 ± 0.6 61.7 ± 2.8 87.9 ± 2.0
Friction-stir-processed wrought Al-Mg-TiO2 71.6 ± 1.2 55.4 ± 1.4 67.1 ± 0.6 82.4 ± 1.6
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microvoids followed by their growth and coalescence
depending on the state of stresses. When failure is
controlled by a shear stress, elongated voids and
dimples with parabolic depressions are observed. A
change in the morphology of dimples from parabolic
equiaxed to hemispherical at higher strain rates

(Figures 11(a) through (c) and 12(a) through (c))
indicates that tensile fracture became dominant as
compared to shear rupture.[47] In other words, rapid
loading can retard shear banding while fracture pro-
ceeds under tensile condition. Consequently, the failure
that occurs is less ductile with small dimple features.

Fig. 9—Effect of strain rate on the engineering stress-strain curves of Al-Mg sheets and their nanocomposites: (a) annealed and (b) wrought Al-
Mg alloys; friction-stir-processed (c) annealed and (d) wrought Al-Mg alloys; and (e) annealed and (f) wrought Al-Mg-TiO2 nanocomposites at
strain rates of 0.001, 0.01, and 0.1 s�1.
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Although the ductile fracture mode was observed
in the fracture surfaces of friction-stir-processed
specimens, the dimples were not as deep as those in
the base Al-Mg alloys (Figures 11(d) and (f) and
12(d) and (f)). For nanocomposites, the hard inclu-
sions can serve as preferential sites for microvoid
nucleation due to decohesion of the particles from
the matrix and also inhibit crack growth by deflec-
tion.[46] As a result, finer dimples were formed
(Figures 11(g) through (i) and 12(g) through (i)). A
relationship between the dimple sizes with the grain
structure of the Al-Mg alloy without TiO2 nano-
particles (Figure 5 and Table II) was also noticed.
Since grain boundaries affect nucleation and prop-
agation of microvoids,[48] the fracture surfaces of
those samples with finer grain structure should
exhibit shallower dimples during tensile failure
(Figures 11(a) through (f) and 12(a) through (f)).
However, in the presence of hard inclusions, the
formation of microvoids is strongly controlled by
the detachment of the particles from the matrix;
thereby, the vital role of grain boundaries is
diminished and the size of dimples becomes finer
compared to that of unreinforced specimens.

V. CONCLUSIONS

Al-2.2 pct Mg-3 vol pct TiO2 nanocomposite was
fabricated by FSP. The effect of sheet pretreatment
(annealing or cold working) on the microstructural
evolution, texture development, and fracture behav-
ior was studied. The flow behavior of the materials
at different strain rates was investigated by deter-
mining the strain-rate-sensitivity parameter (m) and
work-hardening exponent (n). The main conclusions
can be summarized as follows.

1. Larger SZ size, less homogenous particle flow,
sharper onion ring pattern, and finer grain
structure with more HAGB content were
attained for the wrought Al-Mg alloy and
its nanocomposite.

2. Comparison of the pole figures revealed that the
initial random and rolling preferred crystallo-
graphic orientations for the annealed and
wrought Al-Mg alloys were modified to a mixture
texture component of Brass, Copper, and Cube
after FSP. Brass/Cube and Copper crystallo-
graphic textures were detected as dominant
components for the nanocomposites prepared
from the annealed and wrought sheets,
respectively.

3. Al3Ti and MgO nanoparticles were formed
in situ during FSP as a result of solid-state
reactions between Al-Mg base alloy and TiO2

nanoparticles.
4. Analysis of the flow behavior of the examined

materials revealed that annealing of the wrought
sheets decreased the strain rate sensitivity and
work hardening of the Al-Mg alloy. Similarly,
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Fig. 10—Plots of (a) r-_e and (b) r-e for the examined sheets. The slope of the straight lines yields values of the strain-rate-sensitivity parameter
(m) and work-hardening exponent (n).
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the addition of TiO2 nanoparticles and formation
of Al3Ti and MgO inclusions reduced the values
of m and n.

5. Failure of the friction-stir-processed nanocompos-
ites was performed in a ductile-brittle mode, while

the unreinforced alloy exhibited ductile rupture
behavior. At higher strain rates, the fracture
mechanism was changed from shear to tensile fail-
ure, which was detectable by formation of micro-
scopic finer hemispherical equiaxed dimples.

Fig. 11—FESEM images show the tensile fracture surfaces of (a) through (f) Al-Mg sheets and (g) through (i) Al-Mg-TiO2 nanocomposites tes-
ted at different strain rates. Annealed Al-Mg alloy at (a) _e = 0.001 s�1, (b) _e ¼ 0:001 s�1, and (c) _e ¼ 0:1 s�1; (d) wrought Al-Mg alloy at _e =
0.001 s�1; (e) friction-stir-processed annealed Al-Mg alloy at _e = 0.001 s�1; (f) friction-stir-processed wrought Al-Mg alloy at _e = 0.001 s�1;
Al-Mg-TiO2 nanocomposite from annealed base at (g) _e = 0.001 s�1 and (i) 0.1 s�1; and (h) Al-Mg-TiO2 nanocomposite from wrought base at _e
= 0.001 s�1 (91000 magnification).
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