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Abstract. Friction stir processing (FSP) was developed based on the same principles of friction
stir welding (FSW) mainly to enhance the surface properties of various materials and to produce
surface composites. In this work surface composites of AA7075 as the metal matrix that
reinforced with ultra-fine sized SiO2 particles were developed using FSP. A groove of 3 mm
depth and 1.2 mm width was made on the surface of AA7075 to provide the highest
reinforcement volume fraction on the produced surface composites. FSP tool with a square
profiled tool pin of 3.5 mm pin length and of 5Smm pin side was used. The FSP parameters used
were 600 rpm and 50 mm/min. The developed surface composites were evaluated using different
metallographic techniques to investigate the macro and micro features. Also the hardness profile
was measured across the processed zone. The surface composites achieved by three consecutive
passes of processing showed uniform particle distribution across the stirring zone of the surface
composite. Moreover, the surface composite hardness was improved by 10-30% compared to the
unreinforced alloy. The tool with a square profiled tool pin enables obtaining sound surface
without any visible defects.

1. Introduction
Friction Stir Processing (FSP) is a solid-state process used to modify surface of materials in terms of
microstructure mainly by grain refinement and development of metal matrix composites (MMCs). FSP
was derived from Friction Stir Welding (FSW). In FSW/FSP a non-consumable rotating tool, consisting
of a shoulder and a pin, is plunged into two abutting or monolithic sections resulting in the heating and
softening of the surrounding material. This leads to localized severe plastic flow about the rotating tool,
i.e. stirring, which produces the joint without melting. The aim of this work is to produce surface metal
matrix composite using FSP technique.

The tool profile is one of the essential parameters in FSP. Tool shoulders are designed to frictionally
heat the surface regions of the workpiece [1]. Tool pin outer profile which is the responsible feature for
material stirring was studied in a number of works [2, 3, 4, 5, 6]. The influences of tool pin profile on
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the mechanical and metallurgical properties of results FSW/ FSP zone were investigated [7].Vijay et al.
[4] reported that using tapered pin result in narrower stirring zone and coarser grains than when using
tool pin with straight profile.

The proper tool material for friction stir processing used for different workpiece materials and
reinforced powder was studied previously [1]. It was reported that no significant wear was found on the
steel tool when used with Al sheets [1]. The squared profile pin with concave shoulder was used in this
work.

2. Experimental work

The base metal used for the present work was AA7075 -T6 aluminium alloy plate with 25 mm thickness.
Si0, powder with particle size range 0.5 - 5 um was used as reinforcement. Particle size measurement
was carried out using scanning electron microscope (SEM).

The tool profile selected for the present work is square profiled pin tool. Shoulder diameter of 20
mm with a concave feature of 6 degrees was used as recommended by previous works [2, 4]. The ratio
between the shoulder diameter and pin size was 3 to control heat input as reported by Mishra et al [1].
The pin has diagonal of 7 mm and 3.5 mm length. Pin bottom is tapered by 10 degrees to enable defect
free stirring zone [6]. The detailed tool features are shown in Figure 1. The square profile was formed
by spark die forming to ensure low stress at the corners, sharp feature edges and accurate dimensions.
The tool was made of K110 and heat treated to both HRC 45 and 60. The taper bottom, figure 1,
decreases forces during penetration. The concave shoulder used to accumulate more material between
tool and pass surface and to apply more pressure during stirring. This shape could enhance the
microstructure properties through refining reinforcement powder grain size.

i,

}b . .. ’

. e
__ W Peis
Figure 1. Tool with square pin profile Figure 2. Friction stir welding machine
spindle

The maximum groove depth was smaller than the pin length to enhance the tool pressing during
processing. In addition, decreasing the defects possibility [8]. Groove depth will be 3 mm at least a
groove width of 1.2 mm is required. Based on that the groove dimensions were 3 mm length and 1 mm
width. The FSP specimens were carried out using friction welding machine at the friction stir welding
and processing laboratory at Suez University was used to produce friction stir processed specimens.
Before stirring the powder into the matrix a flat pin less tool is used to close the surface of the groove
to trap the powder inside the groove. A single path is done in the total length of groove using the pin
less tool with rotational speed of 800 rpm in clock wise direction and 50 mm/min feed rate. Axial force
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of spindle was from 900 to 1180 kg. By the end of this path the powder is enclosed in the groove. Then
the tool changed to the square pin tool. The stirring passes were carried out at rotational speed of 600
rpm clock wise, plunging (vertical) feed of 3 mm/min. and longitudinal feed rate of 50 mm/min. In all
cases the plunging speed stopped when the successful axial force of 900 kg was reached. Three
consecutive passes were performed using the same tool to ensure good distribution of powder inside the
stirring zone.

The machine spindle is tilted 3 degrees during processing. An inclination angle of the tool from 1 to
3 degree is essential. Tilting is essential to increase stirring zone integrity because of the higher
hydrostatic pressure applied by the back of the shoulder and promote material flow [9, 10].

Specimens selected for hardness measurements, macro and micro examination were taken from different
positions starting from 15 mm after tool indentation center point.

Specimen surface was ground using 2400-grit SiC paper and was polished to a mirror finish using
diamond paste. The Specimens were prepared for macrostructure examination after polishing by etching
with Keller’s reagent according to The ASM Metals Handbook [11] to clarify the macrostructure. SEM
with an operating voltage of 20 kV was used to examine the structure of the produced surface composites
as well as measuring the reinforcement particle size.

Vickers microhardness indentations were obtained using a microhardness machine with a diamond
Vickers indenter, 1 kg indentation load, and an indentation time of 15 seconds. The hardness was
measured in two directions At least five indents were made on both sides around the stirring zone
centerline. Five indents were made also across the depth of surface composites.

3. Results and discussion

The produced AA7075/Si0; surface composites were examined visually. Figure 3 shows a defect free
surface with good surface finish with no flash along the specimen. Similar results obtained through the
specimen cross section whereas no tunnels observed. Figure 4 shows macrographs of material flow in
the stirring zone of AA7075/S10; after etching. The advanced side of the tool where a tangent to the
rotation in the direction of rotation is the same direction as the traverse direction [12] and it is on the left
side in figure 4. The side of the tool where a tangent to the rotation in the direction of rotation is in the
opposite direction to the traverse direction this side is called “retreating side” and it is on the right side
in figure 4.

Grain size variation between stirring zone and thermomechanical affect zone (TAZ) is shown in
figure 5. Reinforcement particles refine the grains inside the stirring zone during recrystallization. While
recrystallization in the TAZ led to coarse grain structure. The advanced side of the stirring zone got a
clear sharp change in grain size between the stirring zone and heat affected zone, figure 5. In addition,
no defects were observed in the side in contrary with previous works which considered the advanced
side a preferable zone for defects. On the other hand, the transition in the retreating side is more gradual
consistent with work by Nandan et al. [12] while, particles aggregation traces were observed near
retreating side surface. This can be attributed to material flow from advanced side to retreating side
during FSP. Despite using square profiled tool with good stirring properties and performing three passes
of processing to distribute the powder. Onion rings appeared on the stirring zone, Figure 4, can be
attributed to the square tool. This tool geometry leads to great pressure variation on the pressure of
material behind the tool creating different grain size zones [13].

The ultra-fine grains observed inside the stirring zone of AA7075/Si0; surface composite, Figure 5,
caused by the square profile tool. Generally second phase particles hinder the material movement during
stirring [14]. This tool geometry leads to second phase fragmentation and redistribution especially in
case of high strength aluminum alloys [14, 15]. El-Rayes et al. [16] achieved similar results on AA6082-
T651.

Figure 10 shows micro bands of ultra-fine SiO, particles in the stirring zone. This observation is
consistent with Sharma et al work [15]. Although, Sharma et al. [15] reported areas depleted from
particles among these bands, this was not recorded in the current work. The micro bands formation can
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be attributed to the presence of ultra-fine size of SiO and the second phase particles exist in AA7075
Al-alloy, moreover, it is alloy dependent [17].

4 mm

Figure 4 Macrograph of FSP sirring zone etched by Keller reagent

100 pm
Figure 5 Metallography of the FSPed zone a) advanced side b) retreating side

Surface composites produced by three passes showed almost uniform particles distribution.
Increasing the number of passes increases efficiency of powder mixing with base alloy as well as
increases the powder volume fraction in agreement with previous works [16, 18].

SEM micrographs showed uniform SiO; particle distribution in the stirring zones between the micro
bands. More examination was carried out on stirring zone structure to recognize the different phases in
the AA7075-matrix. Energy-dispersive X-ray (EDX) was used to conduct this analysis, figure 6. It was
found that particles of reinforcement on the polished surface was detached from the material leaving
surface voids. Silicon oxide is easily found on the chemical analysis of these voids however particles
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are not visible. This analysis presented a high concentration of silicon and oxygen elements than the
standard material maximum limit was found in the surface voids.

The microhardness values of AA7075/SiO2 composites are significantly affected by the particle
volume fraction and the location of measurements. The highest hardness value was obtained at the
composite surface, figure 8 . Increasing the measuring distance from the surface decreased the hardness
due to reduction in reinforcement volume fraction. Hardness measurement values on the retreating side
are higher than advanced side due to the extrusion action of material from the advanced side to the
retreating side. Hardness measurements from stirring zone to TAZ drops sharply in the advanced side
and gradually in the retreating side due to the grain size transition difference as mentioned before. The
hardness values drops close to the end of the stirring zone and rises again in HAZ. The difference
between expansion factors of base metal and reinforced zone resulted in high stress in the HAZ leading
to high hardness values than base metal. The average microhardness of the base metal was 120 HV.
Conducting FSP on the AA7075 T6 resulting in reducing the hardness of the processed zone due to the
softening process resulting from generated heat by FSP. While addition of ultra-fine grained ceramic
oxide as reinforcement by FSP resulted in increasing the hardness of the processed zone than the base
metal. Figure 7 show an increase in hardness values in processed area by 10 to 30% compared to base
metal. Micro defects found during the analysis like reinforcement clusters formed on the retreating side
or the micro bands had no effect on the microhardness values through the specimen.

Figure 9 shows material deposition on the edges of square pin tool which change the tool geometry
to round and decrease its advantage in better powder distribution and powder particle break down
(particle size reduction). However this deposition had no significant effect on the processed composites
consistent with Rai et al. work [19].

The tool hardness played a great role in the presently and in many previous works. The K110 tool with
HRC60 was not successful in the current work as the tool broke when the machine spindle was titled.
This disagrees with Rai et al. [19] work on AA6062/A1,0; using threaded tool profile. The source of
tool fracture is concave shape of the shoulder and the tool titling angle. The tiling angle as well as
concave shape resulted in high stresses exerted on the tool and led to its brittle fracture. The tool with
HRC 45 was successful in agreement with Mishra et al [1]. The tool with HRC 45 is recommended to
avoid tool fracture especially with high strength aluminium alloys [5].

Cu 2% K-serisas 1.23
3 3

o711 Sy s
SE MAG: 1287 x HV: 20.0 kV WD: 10.4 mm _

Figure 6 EDX analysis of FSP AA7075 /SiO2 surface composite



18th International Conference on Aerospace Sciences & Aviation Technology IOP Publishing

IOP Conf. Series: Materials Science and Engineering 610 (2019) 012022 doi:10.1088/1757-899X/610/1/012022

200
190
180
170
160
150
140
130
120
110
100

90

80

hardness, HV

Advanced side

Retreating side

=) mm from centerline

A

A

N

\ =6 mm from centerline

hardness, HV
=
B
o

1.5 2.5 3.5 4.5 5.5
Distance from surface (mm)

-10 -8 6 4 -2 0 2 4 6 8 10

Distance from pass centerline (mm)

Figure 7 Hardness Measurement across stirring ~ Figure 8 Hardness Measurement from surface

zone

to bottom

Figure 9 Aluminum deposition on square shape pine

4. Conclusions
The FSP tool design and process parameters used in this work were chosen based on the previous
researches and preliminary experiments. A square profiled tool pin produced surface composite from
AA7075 plate and SiO2 particles free of defects. The surface composites achieved by three consecutive
passes of processing showed uniform particle distribution across the stirring zone of the surface
composite. Hardness properties was enhanced by refining the grains and by addition of ceramic
reinforcement. Moreover, the surface composite hardness was improved by 10-30% compared to the
unreinforced alloy. Tool wear was negligible and material deposition on square profile pin have no
significant effect on the processed surface composite properties.
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Figure 10 SEM micrographs of powder distribution patterns
a) bands formation of reinforcement silicon oxide
b) magnification on microbands show ultra-fine sized silicon oxide powder distributed around
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