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Abstract

AA 7075 Aluminum alloy has been received a special attention in aerospace and
transportation industries because it provides a good combination of strength,
ductility, and toughness. In this study, friction stir processing (FSP) technique is
used to produce a self-lubricating AA7075/graphite composite. The composite was
produced at different rotating speeds of 400, 800, and 1200 rpm with a constant
traveling speed of 50 mm/min and 3° tilt angle applied for one and two passes for
each condition. Optical microscopy (OM), and scanning electron microscopy (SEM)
were used to investigate microstructure. Vickers hardness and wear testing were
conducted to the composite specimens. It was obtained that the dispersion of
graphite particles in the AA7075 Al alloy enhanced by increasing both rotating
speed and number of passes. The produced AA7075/graphite composite showed
higher hardness and wear resistance than the AA7075 base alloy. The highest
AA7075 Al alloy/graphite hardness value (156.2 Hv) was gained for the produced AA7075/graphite
composite, Friction Stir composite at 800 rpm rotating speed after FSP second pass comparing to base
metal (79 Hv). Whereas, the higher wear resistance value was obtained for the
processed composite at 800 rpm after the FSP first pass.
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base metal could be obtained. The volume fraction of
SiCp is about 1.5% in the reinforced region. The
The 7XXX series of Al alloys provide the highest microhardness of the reinforced composite is 10 %
strength among all aluminum alloys. These alloys offer higher than that of the base material, Al-6Mg-Mn
a wide range of strength and ductility. They have been alloy.
extensively used in aerospace and other structural
applications and also for the development of Metal
Matrix Composites (MMCs). Metal matrix composites
usually consist of light-weight metals like aluminum,
magnesium, or titanium, and the reinforcements are
usually ceramic particulates, whiskers, or fibers. The
reinforcements are an important factor in
determining the properties and the performance of
the MMCs [1, 2].

Introduction

Alumina particle reinforced aluminum alloys via
friction stir processing has also been studied [7,8].
Shafiei-Zarghani et al. [7] used FSP to incorporate
nano-sized Al,O3; into AA6082 Al alloy to form
composite surface layer. The results showed that the
increasing in number of FSP passes causes more
uniform distribution of nano-sized alumina particles.
Hardness of the surface improved three times as
compared to that of the Al alloy. The wear rate is

Friction stir processing has been used to fabricate reduced to one third of that of the as-received Al alloy
various types of aluminum composite materials. SiC [7].
particle reinforced aluminum alloys have been studied
the most [3-5]. For example, the feasibility of making
bulk SiCp reinforced aluminum via friction stir

Similar to SiC reinforced aluminum composites,
the stirring of the FSP tool has a substantial influence

processing (FSP) was demonstrated by Wang et al. [6].
Good interface bonding between particles and the

on the distribution of alumina particles in Al,03/Al
composites [9]. The stirring of the tool can also change
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the shape of the reinforcement particles. It breaks off
the sharp edges of the bigger particles, rounding them
up at the same time. This action results in smaller,
round particles in the nugget. [8].

Surekha et al. [10] investigated the effect of
processing parameters on the corrosion behavior of
friction stir processed high strength precipitation
hardened AA2219-T87 alloy. The study showed an
improved corrosion resistance for the processed alloy
with the number of passes.

Aluminum alloy 7075, the most common alloy of
this series, provides a good combination of strength,
ductility, and toughness [11]. However aluminum
alloys have limited tribological applications due to
their low wear resistance under lubricating
conditions.

Graphite is very effective in reducing the wear and
friction coefficient of the composites, because
graphite particles acting as solid lubricant between
the sliding surfaces and inhibiting metal to metal
contact. These self-lubricating composites have low
thermal expansion, low friction and wear, and
reduced temperature rise at the wearing contact
surface [12]. Previously, various methods have been
used to fabricate these composites such as centrifugal
casting and powder metallurgy. Agglomeration of
graphite particles and residual porosity are the most
important problems of these methods. FSP was
employed to produce these composites due to
simultaneous stirring of materials during the FSP
which can solve the graphite particles agglomeration
[13].

The current study aims to fabricate
AA7075/graphite composite based on a friction stir
processing technique. The effect of the process
parameters on the microstructures and mechanical
properties in terms of hardness and wear resistance
were discussed.

Experimental Work
Materials

Rolled aluminum alloy (AA7075) plates of (150
mm length, 75mm width, and 5mm thickness) were
used as a substrate. The chemical composition and
mechanical properties of the AA7075 (as received)
used is summarized in Table 1, 2. Graphite powder of
less than 40 pum particle size was used as
reinforcement particulates.

Table 1 Chemical composition of AA7075 (in Wt.%)

. M .
Si Fe Cu Mn Cr Zn Ti Al
g
0.07 0.21 1.9 0.05 2.66 0.21 5.9 0.01 Bal
a4 6 4 1 : 1 7 2

Table 2 Mechanical properties of AA7075

Ultimate tensile strength (MPa) 525.47+0.4
Elongation (%) 11.2+0.2
Vickers hardness (Hv) 170+ 5

In order to release internal stresses and to ensure
that the enhancement in the microstructure and the
mechanical properties are resulted from the FSP only,
the received AA7075-T651 plates were fully annealed
to AA7075-O [14]. Annealing was conducted by
heating plates up to 470°C, soaking them at this
temperature for 3 h, and then furnace cooled [15].

FSP tool (H13) with a cylindrical pin profile of (5
mm pin diameter, 3 mm pin depth, and 17 mm
shoulder diameter) was used to disperse the graphite
in the alloy matrix as shown in Fig.1.

50mm 20mm

Fig. 1 Schematic drawing for FSP tool

Fabrication of AA7075/graphite composites

Firstly, a groove of 1 mm in width and 3 mm in
depth was machined along the length of all the
AA7075 plates, and then graphite powder was added
into the grooves until grooves completely filled. After
that, the groove was closed using a pin less FSP tool,
and finally conducting FSP using a cylindrical pin
profile tool. Various friction stir processing
parameters used to fabricate the required
AA7075/graphite composite (AA7075/Graphite as
shown in Table 3.

Table 3 illustrates the used FSP parameters

400/800/1200 rpm
1st pass/ 2nd pass
50 mm/min
3 degree

Rotating speed
Number of passes
Travel speed
Tool tilt angle

In order to study the effect of addition of graphite
powder in the AA7075 Al alloy matrix, another
samples only FSPed (without powder) at the same
condition. Table 4, shows the produced samples code
number and the FSP parameters.

Table 4 Samples no. at different FSP parameters

Sample No. Sample No. Rotating
(With (Without speed l;lsupmpt;esrsgz
powder) powder) (rpm)
S1 S7 400 1st pass
S2 S8 400 2" pass
S3 S9 800 1st pass
S4 S10 800 2" pass
S5 S11 1200 15t pass
S6 S12 1200 2nd pass
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Metallographic examination

The metallographic examination was conducted
using both optical and scanning electron microscopy
for the AA7075-0 base material, cross-sections of the
processed base alloy, and the produced
AA7075/graphite composite.

Mechanical properties evaluation
Hardness measurements

Average hardness values were measured at the
stir zone (nugget) for all FSP produced samples on the
cross-section transverse to the processing direction
using Vickers hardness tester. The test was conducted
on three measurements lines at a depth of 1.5 mm
from surface for the first line, 2.5 mm depth for the
second line, and 3.5 mm for the third line, the internal
spacing between each measurement step 0.5 mm,
under a load of 1000 gf for a 15 sec dwell time.

Wear test

The wear behavior of the AA7075-O BM,
AA7075/graphite composite, and the FSPed samples
(without powder) was studied through pin-on-bush
wear testing machine at room temperature and under
dray condition. Wear test specimens of 5x5 mm? cross
section and 15 mm length were cut from the base
metal and from the middle of FSP stirred zone
(nugget).

The sliding counter face (bush) was made of 58
HRC hard steel. The bush was fine ground by SiC paper
grit 800 and cleaned before the test to remove any
residuals from the previous run. The first group of
AA7075-O base metal was tested at a constant
running time of 10 min (sliding distance of 8.92 km)
using normal loads of 2.45, 3.04, 3.92, and 6.37 N
(250, 310, 400, and 650 gf) to explore the steady state
wear behavior.

Based on the result of the first group, a constant
moderate load of 3.04 N was chosen to test the
second group of specimens under running time of 10
min (8.92 km). Each wear experiment was repeated
three times to ensure repeatability of results. The
weight loss, wear rate, and wear resistance were
calculated. In order to study the wear mechanisms,
the worn surfaces of wear samples were examined by
optical microscope and SEM.

Results and discussions

Macro-structure examination

Macroscopic appearances of the nugget zone in
which graphite powder was dispersed by one and two
FSP passes at constant travel speed of 50 mm/min and
different rotating speeds of (400, 800, and 1200 rpm)
are shown in Fig.2, Fig.3, and Fig.4 respectively.

Fig.2 Optical Macrographs of AA7075/Graphite MMC
produced by FSP at 400 rpm after 15t (a) and 2" pass (b)

Fig. 3 Optical Macrographs of AA7075/Graphite MMC
produced by FSP at 800 rpm after 15t (a) and 2"d pass (b)

Fig. 4 Optical Macrographs of AA7075/Graphite MMC
produced by FSP at 1200 rpm after 1%t (a) and 2" pass (b)

As shown in Fig.2, Fig.3, and Fig.4, the
agglomeration size of graphite powder is reduced by
increasing the number of FSP passes. After one pass,
graphite particles become entangled in AA7075
matrix as presented in Figs. 2(a), 3 (a), and 4(a). After
two passes, graphite particles are dispersed more
uniformly as given in Figs. 2(b), 3(b), and 4(b). The
macrostructure figures show the dispersion of the
graphite particles in the AA7075 matrix without FSP
defects “cracks or tunnels”.

Microstructure examination

The differences in microstructure between
AA7075-O base metal, AA7075 FSPed (without
powder), AA7075/graphite composite 15t pass, and 2d
pass are shown in Fig.5 (a, b, ¢, and d) respectively.
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Fig. 5 Optical Microstructure of (a) AA7075-0 BM, (b) AA7075 FSPed (Without powder), (c) AA7075-Graphite MMC
FSPed at 800 rpm 1stpass, (d) AA7075-Graphite MMC FSPed at 800 rpm 2" pass

The initial microstructure consisted of large
elongated grains for a rolled and subsequently
annealed structure, as can be seenin the Fig 5 (a). Fine
and coarse strengthening precipitates with different
sizes were dispersed through the matrix. Due to FSP,
a microstructure of fine and equiaxed grains was
reformed in the FSP nugget zone Fig 5 (b).

Graphite was clearly appeared in the
microstructure of AA7075/graphite composite which
produced by FSP at 800 rpm rotational speed and 50
mm/min transverse speed for 1st pass Fig 5 (C), and
graphite agglomeration regions was observed. After
the 2nd pass of FSP, a better dispersion of graphite
particles in the AA7075 metal matrix was shown Fig 5
(d). More features details in the microstructure of
AA7075/graphite  composite at various FSP
parameters were observed in Fig.6 and Fig.7.

A microstructure evaluation was done for the
AA7075/graphite composite produced by FSP at 400,
800, and 1200 rpm rotating speeds to study the effect
of the various FSP rotating speed on the MMC
microstructure. It was observed that the composite
produced at FSP of 800 rpm rotating speed show more
homogenous microstructure than the MMC produced
at FSP of 400 rpm rotating speed.

Also it was reported that the AA7075 matrix
precipitates particle size was decreased by increasing
the rotating speed. Although MMC produced at 800
rom 15t pass Fig.6 (c) illustrated some graphite
agglomeration regions, a better graphite smearing
layer was formed than the layer formed in the MMC
produced at 800 rpm 2" pass Fig.6 (d), which could
affect the wear properties of the produced MMC.

The effect of number of FSP passes on
microstructure was studied. Several regions of
graphite agglomeration were observed after the FSP
1st pass, Figs. 6(a) and 7(a), but well graphite
dispersion regions were found after the FSP 2"d pass,
Figs. 6(b) and 7(b). So the dispersion of graphite
particles in the AA7075 alloy matrix is enhanced by
increasing the number of FSP passes.

AA7075/graphite composite produced at 1200
rom rotating speed, Fig.7 (a, b) shows lower
microstructure homogeneity and higher grain size
than the MMC produced at 800 rpm Fig.6 (a, b), this is
due to the effect of higher heat input applied to the
material during the FSP at 1200 rpm than at 800 rpm.
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Vickers Hardness

Fig. 6 (a, c) Microstructure of AA7075/graphite composite at 800 rpm after 15t pass, Fig. 6 (b, d) Microstructure of
AA7075/graphite composite at 800 rpm after 2"d pass respectively

The hardness of AA7075-0O base material was 79

Fig.7 (a, c) Microstructure of AA7075/ graphite composite at 1200 rpm after 1%t pass, Fig.7 (b, d) Microstructure of
AA7075/ graphite composite at 1200 rpm after 2" pass respectively

Hv, Fig. 8 shows the average hardness measurements
for AA7075 FSPed samples at different rotating
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speeds and different number of passes. It was
observed that the average hardness increase with the
increasing of FSP rotating speed. This increase in
hardness is mainly due to grains refinement.

160
150
140
130
120
110

90
30 | ¥ One pass
70
60
50
40
30
20 A
10

B Two pass

Vickers Hardness, Hv

BM AA7075-0  400rpm 800 rpm 1200 rpm

Fig. 8 Average hardness for FSPed samples (without
powder) at nugget zone at different rotating speeds, and
different number of passes

M One Pass

70 A B Two Pass

Vickers Hardness, Hv
co
o

BM AA7075-0 400rpm  800rpm  1200rpm

Fig. 9 Average hardness for AA7075/Graphite MMCs at
nugget zone at different rotating speeds, and different
number of passes

Fig. 9 illustrates that the hardness average values
at FSP nugget zone increase with the increasing of FSP
rotating speed from 400 to 800 rpm, but at 1200 rpm
shows different behavior due to the effect of the
excess heat input during FSP. It was observed that the
average hardness values were increased by adding the
graphite powder to the AA7075 metal matrix, as
shown in Fig.10.

The obtained results were compared with the
reported ones. A study done by Leyva-Gonza’lez et al.
[16] reported that producing AA7075/graphite
composite by mechanical alloys and hot extrusion
technique, by the addition of graphite particles in the

7075 alloy increasing the material hardness. The
graphite particles increase strength as well as
decrease the mobility of dislocations in the metal
matrix, causing strengthening due to the fine
dispersion of particles.

150
140 -
130
120
110
100 -
90 - ¥ Without powder
70 # With powder
60
50 -
40
30
20
10
0 T T

BM AA7075-0 400rpm 800rpm 1200 rpm

Vickers Hardness, Hv
o
o

Fig.10 Average hardness for nugget zone at different
rotating speeds after FSP 1%t pass

A different trend of hardness was reported by
Baradeswaran and Elaya [17] where the
AA7075/graphite composite was produced by liquid
casting technique, the hardness and tensile strength
decreased with the increasing in graphite content.
Asadi et al. [18] have reported that hardness of the
FSPed AZ91/SiC nano composite is observed to be
enhanced due to uniform dispersion of SiC particles
and refinement of the grain size of the base material.
Shamsipur et al. Morisada et al. [19] have published
that FSPed nanostructured tool steel exhibited much
higher hardness compared to base material. Faraji et
al. [20] stated that the increased number of passes
FSP in AZ91/AI203 nano-composite caused the
hardness to become higher- than that of single pass.

Wear characterization

According to the strong dependence of wear test
on the sliding distance and the applied loads, wear
test for AA7075-O base metal was conducted at
different applied loads 2.45, 3.04, 3.92, and 6.37 N for
10 min (8920 m sliding distance) to study the wear
behavior (weight loss, wear rate, and wear resistance)
Fig.11 and Fig.12 of the base metal and choose the
suitable applied load for the next wear samples.
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Fig.12 Wear resistance behavior of the AA7075-0

Fig.11 Wear rate behavior of the AA7075-0 base base metal at different applied loads

metal at different applied loads

Fig.13 SEM of wear worn surface for the AA7075-0O BM at different applied loads

Depending on Fig.11 and Fig.12 the region
between 3.04 and 3.43 N shows a steady state wear
rate, so an applied load of 3.04 N was used to study
the wear behavior of the AA7075 FSPed samples and
AA7075/graphite composite at different FSP rotating
speeds of 400, 800, and 1200 rpm, with 50 mm/min
travel speed for one and two FSP passes.
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Fig.13 shows the SEM wear worn surface track for
the AA7075-O BM at different applied load, it was
observed that the higher applied load the higher wear
debris size.

The effect of FSP rotating speed and number of passes
on wear behavior of the produced composites was
studied at Fig.14, it was observed that the wear
resistance of AA7075-graphite composite increase
with increasing FSP rotating speed from 400 to 800
rpm and then decreased with increasing FSP rotating
speed up to 1200 rpm. This decreasing in wear
resistance at 1200 rpm because of the decreasing of
material hardness due to the high heat input at this
condition Fig. 9.

During study the effect of FSP number of passes on
the wear behavior of the AA7075/graphite composite,
Fig.14. An unexpected behavior was observed.
Where, the AA7075/Graphite MMC graphite
composite produced after the FSP 15t pass was show a
better wear resistance than the AA7075/ graphite
composite after the FSP 2"d pass at both 800 and 1200
rpm FSP rotating speeds.

70 -
60 -
50 7N
40 /
30 / ! i —e— 1st pass
20 ~ —#—2nd pass
10 - v

Wear resistance X 10% (m/g)

400 800 1200
FSP rotating speed, rpm

Fig. 14 Wear resistance behavior of
AA7075/graphite composite at different FSP rotating
speeds, and 50 mm/min travel speed

This wear behavior could be explained from the
microstructure evaluation of the tested samples. The
formation of a better smearing graphite layer at the
wear surface of the produced MMC after 15t FSP pass
Fig.6(c) and Fig.7(c), enhance the wear behavior for
this MMC than the MMC produced after the 2" FSP
pass Fig.6 (d), and Fig.7 (d).

10 - ) P SR e (with powder)

=50

oo

E 60 -

S 50

= —+— AA7075 FSPed
x 40 .

9 Y (without

E 30 1 powder)

17 [

® 20 —8—AA7075/G MMC
2

400 800 1200
FSP rotating speed, rpm

Fig. 15 Wear resistance behavior after the FSP 15t
pass, at different FSP rotating speeds, and 50
mm/min travel speed

Fig.15 shows the effect of graphite powder
addition on the wear resistance behavior of the
material at different FSP rotating speeds of 400, 800,
and 1200 rpm and constant travel speed of 50
mm/min. It was observed that the addition of graphite
powder leads to increasing the wear resistance of the
produced AA7075/graphite composite.

SEM of worn surface

The SEM of worn surface at FSP rotating speed of
800 rpm after 1st and 2"d pass are shown at Fig.16 (a,
b) for the FSPed sample and Fig.16 (c, d) for the
AA7075/graphite MMC at the same conditions.

It was observed that the presence of graphite
particles Fig.16 (c, d) enhance wear resistance of the
produced composite (low debris) than FSPed samples
(without powder) Fig.16 (a, b), also the formation
graphite smearing layer was observed for the MMC
produced at 800 rpm after the 15t pass Fig.16 (c) which
enhance the wear resistance than the MMC produced
at 800 rpm after the 2" pass Fig.16 (d).
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Fig. 16 SEM of worn surface at 800 rpm after the FSP 15t and 2" pass

Conclusions

Sound AA7075/graphite composite was successfully
produced using FSP technique by adding graphite
powder as a reinforcement material to the AA7075-
O (annealed) metal matrix. The composite was
fabricated by one and two FSP passes, at various FSP
rotational speeds (400, 800, and 1200 rpm) with 50
mm/min transverse speed.

Production of AA7075/graphite composite by FSP
technique improved the microstructure of the
AA7075-0 base metal by reforming of a finer and
equiaxed grains in the stirring zone (nugget) with a
better dispersion of graphite particles.

The distribution of graphite particles in the stirred
zone became more uniform and homogenous by
increasing FSP rotating speed and increasing the
number of FSP passes due to the repeated stirring
action of the tool.

Increasing of the FSP rotating speed from 400 to 800
rem has a positive effect on the mechanical
properties (hardness and wear resistance) of the
produced MMCs, but at 1200 rpm material shows a
revers behavior.

The higher average hardness was reported (156.2
Hv) for the AA7075/graphite composite after the
FSP 27 pass at 800 rpm rotating speed with
comparing to the AA7075-0O base material (79 Hv)
and to the AA7075 only FSPed (145.4 Hv) at the
same FSP parameters.

e The optimum wear resistance behavior was
obtained (58.3 x 104 m/g) from the A7075/graphite
composite after the FSP 15t pass at 800 rpm rotating
speed with comparing to the AA7075-O base
material (5.7 x 104 m/g) and to the AA7075 only
FSPed (8.4 x 104 m/g) at the same FSP parameters.
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