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Abstract

For the first time, ceramic nano particles were incorporated into the brass alloy to produce surface nano composites by fric-
tion stir processing. For this aim, Al,O; particles with an average diameter of 30 nm were inserted into a Cu-37Zn alloy at
different tool rotational speeds of 450, 710, and 1120 rpm, multi passes, and a constant traverse speed of 100 mm/min. The
microstructures of the processed materials were analyzed using optical and scanning electron microscopes equipped with
an energy dispersive spectroscopy. In addition, tensile test was employed to evaluate the mechanical properties. The results
showed that the optimum rotational speed was 710 rpm. At lower rotational speeds, Al,O; particles were agglomerated. On
the other hand, at higher rotational speeds, tool was damaged by severe wear. The effect of multi passes showed that one and
two passes could not distribute the Al,O; particles, uniformly. However, three passes resulted in a uniform distribution of the
Al,O; particles inside a bimodal grain structure composed of both 3—5 pm grains and ultra-fine grains (<1 pm). By using
multi-pass friction stir processing, a synergic increase in ultimate tensile strength and elongation was obtained. Moreover,
three passes caused superior mechanical properties i.e. ultimate tensile strength of 430 MPa and elongation of 39%. The
fracture behavior and strengthening mechanisms are also discussed in details.
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1 Introduction The conventional methods for production of MMCs are

liquid state techniques, in which the ceramic particles insert

Composite structures due to their unique characteristics such
as a very good combination of strength and ductility have
attracted the attention of researchers in both academic and
industrial areas. One of the interesting composite structures
is metal matrix composites (MMCs) reinforced with ceramic
particles. In fact, the incorporation of ceramic particles into
the metals covers their disadvantages such as low hardness,
strength and wear resistance. In this regard, lots of investi-
gations have been undertaken to develop different methods
for production of metal-ceramic composite structures [1].
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into the molten metal. Thus, these types of composites have
a casting structure, which contains dendrites, segregation of
alloying elements and ceramic particles, porosities, shrink-
ages and etc. In addition, the non-wettability of ceramic
particles by molten metals is another difficulty during liq-
uid state methods, which does allow the ceramic phases to
incorporate into the molten matrix. Moreover, the chemical
reaction between ceramic particle and molten metal causes
formation of brittle phases, which results in lower ductility.
Fortunately, solid state methods overcome these difficulties
[2].

Friction stir processing (FSP) as a new solid state route
for production of surface composites has been proved to be
applicable for a wide range of metals and alloys. It is based
on friction stir welding (FSW) method. In this method, a
non-consumable rotating tool inserts into the materials and
then traverses along the process line. The friction between
tool and materials causes increase of temperature, however,
the material does not melt. On the other hand, rotating tool
result in severe plastic deformation (SPD) of the material.
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Thus, the presence of both the deformation and temperature
leads to occurrence of dynamic restoration mechanisms such
as dynamic recrystallization (DRX), and hence it causes for-
mation of fine and equiaxed grains congaing high density of
dislocations [3].

FSP can be used for two main aims. The first aim is a
microstructural modification in which the initial structure
of the material is replaced with new one. For example, in
the case of cast structures, FSP eliminates the dendrites,
porosities and segregations, and it generates sound materi-
als with fine equiaxed grains that increases the mechanical
responses of the materials [4, 5]. Kumar et al. [4] applied
FSP to graphene nanoplatelets (GNPs) physically compacted
on the surface of squeeze cast A356 alloy to incorporate
GNPs within the matrix and to improve its mechanical prop-
erties. Their results showed that squeeze casting resulted in
finer size silicon and intermetallic compounds in cast micro-
structure, and subsequently FSP further refined the micro-
structure of squeeze cast A356 alloy, and GNP reinforced
A356 alloy. Yao et al. [5] successfully fiction stir processed
the ductile cast iron at a tool rotational rate of 1000 rpm
and a traveling speed of 90 mm/min, and an obvious defect-
free processed zone was obtained. Their results showed
that the high density of ultra-refined and nearly equiaxed
graphite particles (0.5—1 pm) uniformly were distributed in
most parts of the stir zone. The second aim is production of
MMCs reinforced with ceramic particles. For this purpose,
some steps are added to the conventional FSP. Usually, a
groove or some holes are machined on the surface of the
base metals (BMs), and they are filled with ceramic nano
particles before FSP. Then, FSP distributes the ceramic
particles into the BMs and generates composite structures
[6-8]. Lee et al. [6] applied FSP to incorporate 5-10 vol.%
nano-sized SiO2 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 pm. Ahmadkhaniha et al.
[7] produced composite layers containing ~0.8%vol Al,O;
nanoparticles were produced on AZ91 magnesium alloy by
FSP. Their results showed that the presence of nano Al,O;
reduced the grain sizes of the layers further and increased
their hardness. Du et al. [8] has successfully fabricated a
Al-Al,05,—CNTs composite using FSP. Their results dis-
closed that uniform dispersion of nano-particles in the metal
matrix was observed. In addition, significant improvement
in the micro-hardness and tensile strengths were obtained
through the addition of nano particles.

In recent years, some investigators have tried to pro-
duce MMCs reinforced with ceramic nanoparticles using
FSP [9-11]. For example, Heidarzadeh et al. [9] fabricated
Cu-Al,O; nanocomposite using FSP and they studied the
microstructural evolution by orientation imaging micros-
copy (OIM). They reported that the presence of Al,O;
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nano-particles during FSP causes formation of ultra-fine
grained (UFG) structure with an average grain size of
0.7 pm. Shafiei-Zarghani et al. [10] studied the microstruc-
ture and mechanical properties of Al-Al,O; nanocomposite
produced by FSP. They have shown that by increasing the
number of FSP passes, the distribution of the nano particles
in the matrix is more uniform, and the hardness and wear
resistance of the composites increase. Khodabakhshi et al.
[11] fabricated AlI-Mg alloy matrix composites reinforced
with graphene nano-platelets (GNPs) using multi-pass FSP.
They showed that multi-pass FSP causes a uniform distribu-
tion of GNPs in a recrystallized matrix with an average grain
size of 2.1 pm. They also confirmed that hardness increases
by 53% in comparison with that of the base material.

FSW of brass (Cu—Zn) alloys have attracted the attention
of researchers in recent years because of the fusion welding
difficulties. However, FSP of brass alloys has not been yet
reported. Therefore, the aim of this study was to fabricate the
brass nanocomposites using FSP. For this purpose, the FSP
was performed at different conditions and the microstructure
and mechanical properties so of the processed materials have
been investigated.

2 Materials and methods

Brass (Cu-30Zn) plates were the base materials (BMs),
which had a size of 100 mm X 100 mm X 2 mm in length,
width, and thickness, respectively. The tool with its dimen-
sions used for FSP is shown in Fig. 1, which was made of
H13 tool steel. The diameter of the tool shoulder, the diam-
eter of the tool pin, and the length of the tool pin were 12, 3,
and 1.75 mm, correspondingly. Prior to FSP, grooves with
a width of 1 mm and a depth of 1.5 mm were machined on
the surface of brass plates. Then, the Al,O; nanoparticles
(with an average diameter of 30 nm) were impacted into
the groves. The FSP was conducted in two separated steps.
First, a rotating pin less tool was used to close the surface
of the grooves, which causes encapsulation of nanoparti-
cles. Secondly, a tool consisting of both the pin and shoulder
was inserted into the material, and then traverse along the
processing line. The FSP was conducted at different tool
rotational speeds of 450, 710, and 1120 rpm at constant
traverse speed of 100 mm/min. The concept of heat input
explained by other researchers [12—14] was used, qualita-
tively. In summary, higher rotational speeds and lower trav-
erse speeds results in more heat input during FSP [12-14].
After optimizing the tool rotational speed based on the
macro-structural and microstructural characteristics, multi-
pass FSP was done for different number of passes i.e. 1-3
passes. In all experiments, the angle between the tool axis
and normal direction of the plate’s surface was kept constant
at 3 degrees.
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Fig. 1 FSP tools used in this
study
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Fig.2 Schematic of tensile test sample with its corresponding dimen-
sions

The microstructure of the joints was first examined by
using an optical microscopy (OM). The OM specimens were
cross sectioned from the joints perpendicular to the FSW
direction, and they were then prepared by mechanical pol-
ishing and etching with a solution of 50 mL HCI, 10 mL
H,0 and 5 g FeCl3. A Philips XL30 E-SEM field emission
gun scanning electron microscope was employed. The linear
intercept method was employed for grain size measurements,
and the annealing twins were not considered as grains. Three
longitudinal tensile test samples per condition were wire
cut from the joints along the welding line, according to the
dimensions in Fig. 2. Tensile tests were conducted using a
universal tensile test machine (model: TB10T) at a crosshead
speed of 1 mm/min. The tensile tests were all conducted at
room temperature.

3 Results and discussion
3.1 Microstructural evolution

The macrostructure of the friction stir processed mate-
rials were composed of three different areas including

shoulder, top view

shoulder

. ﬁ 3
front view 1.75mm

7

shoulder

BM, thermomechanically affected zone (TMAZ), and
stir zone (SZ). It is notable that the heat affected zone
(HAZ) was not seen in the macrostructures, which may
be due to low heat input of FSP and high thermal con-
ductivity of BMs. For instance, the microstructures of
the BM, TMAZ, and SZ of the sample processed at a
rotational speed of 450 rpm are shown in Fig. 3. As
seen from Fig. 3a, BM had a larger average grain size
in which the presence of annealing twins, indicating the
annealed condition of the BMs. Figure 3b illustrates the
transition area between the BM and SZ i.e. TMAZ. As
seen, TMAZ was composed of elongated grains in which
the dynamic recrystallization (DRX) is not occurred or
is occurred incompletely. This is due to the presence of
a sharp gradient of strain, strain rate, and temperature
from BM (with the lowest strain and temperature) to the
center of the SZ (with the highest strain and tempera-
ture). Thus, in TMAZ, due to inadequate stain and tem-
perature, the DRX recrystallization was not completed.
Contrarily, in SZ with highest strain and temperature
(Fig. 3b), the material undergoes DRX. In addition, for-
mation of equiaxed grains in the SZ show that DRX was
completed during FSP. The type of DRX during FSW/P
of brasses are studied by some researchers, which indi-
cates that both the continuous DRX (CDRX) and discon-
tinuous DRX (DDRX) happen during the process [15,
16]. CDRX occurs continuously by the gradual transfor-
mation of low angle grain boundaries (LAGBs) to high
angle grain boundaries (HAGBs). This phenomenon is
due to dynamically absorption of dislocations into the
LAGBs leading to an increase in their misorientation
angle to higher values of 15 degrees. DDRX has two
steps of nucleation and growth, which is usually called
the classical DRX [9, 17]. In summary, FSP caused
transformation of large and equiaxed grains of BMs to
fine grains by CDRX and DDRX mechanisms.
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Fig.3 OM microstructures of a BM and b transition area between BM and SZ

3.1.1 Effect of rotational speed

The microstructures of SZs for different friction processed
samples at rotational speeds of 450, 710, and 1120 rpm are
illustrated in Figs. 4, 5 and 6, respectively. Some important
points can be extracted from Figs. 4, 5 and 6. All SZs had a

complex and bimodal microstructures which can be divided
into two main zones. In some zones, the material does not
contain Al,O5 nano particles, which only have experienced
the CDRX and DDRX resulting in new DRX grains. In some
zones, the existence of Al,O; nano particles have resulted in
finer grain sizes. The effect of Al,O; nano particles on the

50 um

| E—

Fig.4 OM microstructures of SZ in the sample welded at rotational speed of 450 rpm. ¢ and d are higher magnifications of (a) and (b), respec-

tively
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Fig.6 OM microstructures of SZ in the sample welded at rotational speed of 1120 rpm. ¢ and d are higher magnifications of (a, and b), respec-

tively

DRX can be explained as follows. Commonly, the second-
ary non-deformable particles can promote or inhibit DRX
depending on their sizes. Large particles (commonly with
a diameter larger than 1 pm) act as nucleation sites during
DDRX mechanisms, which promote the DRX. On the other
hand, the finer particles by preventing grain boundary bulg-
ing, inhibit DDRX. In addition, the fine particles can also
pin the grain boundaries which reduces their mobility during
the growth process [18]. According to this brief explanation,
it seems that Al,O; nano particles have pinned the grain
boundaries and have postponed growth of DRX grains.

The other important point is better distribution of Al,O;
nano particles in the SZ at higher rotational speeds. Figure 4
shows that at 450 rpm, Al,O; nano particles are agglomer-
ated, however, at 710 rpm (Fig. 5) and 1120 rpm (Fig. 6),
they are more distributed in the SZs.

Although the Al,O5 nano particles were more distrib-
uted in the SZ of 1120 rpm, it was not the optimum condi-
tion because the tool was damaged at 1120 rpm due to its

severe wear by the Al,O5 nano particles as shown in Fig. 7.
Therefore, due to disadvantages of 1120 rpm, the optimum
rotational speed was 710 rpm, which was used for the rest of
the samples to evaluate the effect of number of FSP passes.

3.1.2 Effect of number of passes

Figure 8 shows the SEM images of the sample processed for
1 pass at rotational speed of 710 rpm. As seen, the Al,O;
nano particles are completely agglomerated during FSP. The
second pass (Fig. 9) caused a reduction in agglomerated
areas in the cross section of the processed samples. However,
in some regions (Fig. 9), the Al,O; nano particles are still
agglomerated. Based on Fig. 9c, in the presence of Al,O4
nano particles the grain size is reduced considerably due to
its pinning effect on the mobility of grain boundaries just
after FSP during the growth step. Figure 10 illustrates the
SEM macrograph and microstructure of the SZ in the sample
processed by three passes. From Fig. 10a, no agglomeration
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Fig.7 Tools after FSP at rotational speed of 1120 rpm

was observed in the cross section of this sample. The high
magnified SEM image of the SZ (Fig. 10b), shows that the
Al,O5 nano particles are more homogeneously distributed.
The SZ (Fig. 10b) consists of two types of grains. The first
type includes grains with an average grain size of approxi-
mately equal to 3—5 pm. Higher magnification of the SZ
(Fig. 11) revealed that these grains contain twin boundaries
or X3 coincidence site lattice boundaries. It is well docu-
mented that these types of twins are formed during grain
growth in face centered cubic (FCC) metals [18]. Thus, it
can be concluded that in some regions that the concentration
of Al,O; nano particles is low, the DRX grains are grown
more freely, and hence the twins are formed inside them.
The second type belongs to the ultra-fine grained (UFG)
regions with grain sizes smaller than 1 pm. In these regions,
the Al,O; nano particles inhibit the grain boundary mobility
and hence the grain growth is considerably limited during
post heating after FSP. In summary, the SZ of 3 passes sam-
ple shows a bimodal structure, including UFG grains and
3-5 pm grains.

3.2 Mechanical properties

The ultimate tensile strength (UTS) and elongation of the
different tensile samples are summarized in Table 1. Based
on the Table 1, an increase in the number of passes leads
to synergic increase in strength and elongation. The frac-
ture surface of the tensile samples processed for one and
two passes contained agglomerated Al,O; nano particles
(Fig. 12), which shows that the fracture initiated from the
agglomerated regions. Hence, the elongation of the sam-
ples were lower than that of the sample processed for three
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passes. The increase in UTS from 360 to 398 MPa can be
due to the formation of finer grain sizes after the second
pass. The superior mechanical properties achieved for the
sample processed by three passes (430 MPa UTS and 39%
elongation). The origin of this behavior can be explained
as follows. Figure 13 illustrates the SEM fractographs in
conjunction with EDS analysis of sample processed for three
passes. As seen, there were no signs of agglomerated Al,O;
nano particles in the fracture surface where the dimples are
formed. The presence of dimples confirms that the sample
has been fractured under a ductile mode (Fig. 13a). The
other point from Fig. 13b—d is the existence of two types of
dimples in the fractured surface. Some dimples (Fig. 13c) do
not contain Al,O5 nano particles indicated by B in Fig. 13b,
where some of them (Fig. 13d) have surrounded Al,O; nano
particles inside themselves (indicated by A in Fig. 13b). The
presence of Al,O; nano particles increases the strain hard-
ening of the sample during tensile test, because they act
as dislocation storage sites. On the other hand, Al,O; nano
particles can act as barriers to dislocation movement, which
results in higher strength. In addition, it is well documented
that the formation of bimodal structures causes synergic
increase in strength and elongation [19]. Moreover, the exist-
ence of UFG structure leads to increase in strength accord-
ing to the grain boundary strengthening mechanism (Acgg)
or Hall-Petch equation. The increase in yield strength in
the produced composites can be expressed as follows [20]:

Aogr = K(d7'? +d]'?) M

In Eq. 1, K is the Hall-Petch constant, d, and d, are the
average grain size of composite and matrix, respectively.
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Fig. 8 Friction stir processed sample at rotational speed of 710 rpm and for one pass. SEM images of a macrostructure, b—d higher magnifica-

tion of agglomerated Al,O; zone in (a)

In addition to the mentioned mechanisms, the other
mechanisms such as dislocation strengthening and effect
of texture are also probable mechanism according to the
literature [21]. In the load bearing effect (Ao ), high
density of dislocations around the reinforcements results
in large plastic strain fields, and hence large amount of
applied stress is needed to continue the deformation. Aoy
can be formulated as follows [22]:

Aoy g = VFye(S/A)(,/2) + 0, VF, 2)

In Eq. 2, VFg and VF, are volume fraction of reinforce-
ments and matrix, respectively. o, and 7, are yield and
shear strengths of matrix. S and A refer to the interfacial
and cross sectional area of reinforcements. Furthermore,
the difference between thermal coefficient of matrix and
reinforcements cause to production of dislocations during

@ Springer
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Fig.9 Friction stir processed sample at rotational speed of 710 rpm and for two passes. SEM images of a macrostructure, b—d higher magnifica-

tion of agglomerated Al,O; zone in (a)

cooling cycle of process, which is called usually thermal
mismatch mechanism (Aoy). Thermal mismatch mecha-
nism is one of the main mechanisms causing higher yield
strength in composites in which the generated geomet-
rically necessary dislocations results in work harden-
ing [23]. Moreover, the Orowan mechanism (Aog) can
also contribute in strengthening of composites. In this
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mechanism, interaction of moving dislocations with rein-
forcements causes bending of dislocations and producing
back stresses, which hinders migration of dislocations
[24].

In summary, the strengthening mechanism involved
in superior strength of sample processed by three passes
are grain boundary strengthening, secondary phase effect,
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tion of microstructure in (a)
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Fig. 11 High magnified SEM image of friction stir processed sample
at rotational speed of 710 rpm and for one pass. A bimodal grain size
is formed in the SZ

Table 1 UTS and elongation of the BM and different tensile samples

Sample Ultimate tensile strength Elon-
(UTS) (MPa) gation
(%)
BM 304 54
710 rpm—1 pass 360 28
710 rpm—2 pass 398 34
710 rpm—3 pass 430 39

dislocation strengthening, and texture effect. On the other
hand, the reason for higher elongation are the effect of nano-
particles and bimodal structures on strain hardening effect.

4 Conclusion

Brass-Al,O; surface nano composites were produced using
FSP at different conditions, and the following conclusions
can be summarized:

1) At a constant traverse speed of 100 mm/min, an opti-
mum condition of 710 rpm should be used. At lower
rotational speeds, i.e. 450 rpm, Al,O5 nano particles are
agglomerated within the SZ. Higher rotational speeds,
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particles
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Fig. 12 a SEM image of fractured surface of friction stir processed sample at rotational speed of 710 rpm and for two passes. b Higher magnifi-
cation of (a)

2)

3)

4)

i.e. 1120 rpm, cause tool wear by ceramic nano particles
during FSP.

Multi-pass FSP at optimum rotational speed (710 rpm)
is very useful to distribute the Al,O; nano particles,
uniformly. For this aim, three passes sample is selected
as the optimum condition. One and two passes do not
eliminate the agglomerated particles within the SZ.
Al,0O5 nano particles pin the grain boundaries of DRX
grains, and hence inhibit their growth after tool pass
during FSW. Therefore, at the zones with the presence of
Al,0O5 nano particles, the average grain size is reduced,
considerably, which caused a bimodal structure.

At the optimum condition, i.e. 710 rpm and three passes,
the SZ shows an interesting bimodal structure, including
larger grains (3—5 pm) and UFG grains (< 1 pm).

@ Springer

5) Multi-pass FSP leads to synergic increase of UTS and

elongation. Three passes results in superior tensile
properties such as UTS of 430 MPa and elongation of
39%. The strengthening mechanisms of effects of grain
boundaries and secondary phase cause higher UTS val-
ues. The agglomerated Al,O5 nano particles in the frac-
tured surface of tensile samples are the main reason of
lower elongation in one and two passes FSPed materials.
Where, in three passes FSP, the fracture surface showed
a ductile behavior containing two types of dimples with
and without Al,O5 nano particles. The presence of
Al,O5 nano particles inside the dimples demonstrates
their effect on the stain hardening during tensile test,
and hence they cause higher elongation.



Archives of Civil and Mechanical Engineering (2020) 20:98

Page110f12 98

& ot ¢ N

SEM HV: 15.0 kV I I

WD: 12.15 mm Det: SE 20 ym
Date(midly): 12/06/18 | View field: 144 ym RAZI FOUNDATION
007 AlKz.
200
200
2003

E
100 S CuKo.

E ZnKe.ZnKp

Joke KB

ol Y
1 10

SEM MAG: 1.00 kx

MIRA3 TESCAN

SEM

SEM HV: 15.0 kV

%0003
8000

70003

MAG: 5.00 kx
WD: 12.10 mm Det: SE
Date(m/dly): 12/06/18 | View field: 28.9 ym RAZI FOUNDATION
Cule, ]
29Lo.

8000
£000-
20003
30002
2005

1000-

ZnKo,

keV

03

2

Cuka. ZnKp
| g
T

s 10

Fig. 13 a SEM image of fractured surface of friction stir processed sample at rotational speed of 710 rpm and for three passes. b Higher magni-
fication of (a). (c and d) EDS analysis of points A, and B in (b), respectively

Data availability The raw/processed data required to reproduce these
findings cannot be shared at this time due to legal or ethical reasons.
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