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ABSTRACT

Compared with unreinforced metals, metal-matrix posites reinforced with ceramic phases exhibit high
strength, high elastic modulus, and improved rasist to wear, creep and fatigue, which make themmising structural
materials for aerospace and automobile industiibg article reviews various researches concerttiegfabrication of

nano and micro metal-matrix composites using theehtechnique of friction stir processing, FSP.
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INTRODUCTION

Aluminum and its alloys are used extensively inoapace and automotive industries because of itsdiesity
and high strength to weight ratio [1]. However,@presistance to wear and erosion is of serionsam for prolonged
use [2]. Metal matrix composites are most promigieg class of materials that exhibit good wear amgion resistance
properties, higher stiffness and hardness at arlo\@esity as compared to the matrix [3]. This ie do the presence of
nano and micro-sized reinforcement particles irte matrix. Aluminum matrix composites (AMCs) reirded with
particles and whiskers are widely used for highfgrerance applications such as in automotive, militaerospace and
electricity industries because of their improvedgibal and mechanical properties [4]. In the cornitpesrelatively soft
alloy like aluminum can be made highly resistantittyoducing predominantly hard but brittle pariglsuch as AD;.
Hard particles such as A); [5-15], SiC [16-26], TiC [27-31], Ti®[32-34],Cr,0; [35,36], or mixture of them [37-40],
and others [41-46] are commonly used as reinforo¢énmethe composites. The application of,®@4 particle reinforced
aluminum alloy matrix composites in the automotarad aircraft industries is gradually increasing fiistons, cylinder
heads, connecting rods etc. where the tribologicaperties of the materials are very important 497- However, the
presence of the ceramic particles in the metall¢rixresult in higher strength and hardness, dftethe expense of some
ductility [47] which makes the matrix brittle [50h this regard, it may however be noted that wear surface dependent
degradation mode, which may be improved by a sigitatodification of surface microstructure and/ompmsition [51].
Hence, instead of bulk reinforcement, if the ce@mparticles would be added to the surface, it comajorove the wear and
erosion resistance without sacrificing the bulk gadies [51]. The enhancement of mechanical pra@seih the novel

nano-particle reinforced MMCs has been revieweemty [4].
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30 M. El-Shennawy & Adel A. Omar

Dispersion of the nano-reinforcements particlesnatallic substrate surface and the control ofigsrithution in a

uniform manner is a critical and difficult to acthéeby conventional surface treatments [52].

FABRICATION OF METAL MATRIX COMPOSITES
Conventional Methods

Fabrication of MMCs had been carried out using aasi methods. Those methods are based on surface
modification techniques which include casting [5&st sinter [54, 55], high-energy electron beamdiation [56, 57],
high-energy laser melt treatment [58-65], plasmaygpg [66]. In Laser technique, metal-matrix comsipes using either
carbide powder (SiC, TiC, or WC), or combinationoafrbide powders and a binding material (Co, AINdr could be
obtained [59-63].

In the above mentioned techniques, it is hard widathe interfacial reaction between reinforcemamd metal-
matrix and the formation of some detrimental phasesause these processing techniques are basdduah phase
processing at high temperatures. Furthermore catittontrol of processing parameters is necesgsargbtain ideal
solidified microstructure in surface layer. Moregvesing conventional surface modification techeigjumakes it difficult
to achieve successful dispersion of fine ceramitigtes in a surface layer. Obviously, if procegsof surface composite

is carried out at temperatures below melting pofrgubstrate, the problems mentioned above candided.
Friction Stir Processing Method

Recently, much attention has been paid to a nefacmodification technique named friction stir gessing
(FSP) [67-70]. FSP is a solid state processingrigcie to obtain a fine-grained microstructure.ds been developed for
microstructural modification by Mishra et al. [722] based on the basic principles of friction st@lding (FSW).

FSW is a relatively new solid state joining procegveloped initially for aluminum alloys by The Wiglg
Institute (TWI) of UK [73]. FSW uses a non-consuieabotating tool with a specially designed pin asttbulder is

plunged into the interface between two plates t@hmed and traversed along the line of the jomshown inFigure 1.
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Figure 1: Principals of FSW

Localized heating is produced by the friction bedwehe rotating tool and the workpiece to raise ltdwl
temperature of the material to the range wherarithe plastically deformed easily. As the rotato traverses along the
joint line, metal is essentially extruded around thol before being forged by the large down pnes§rd-76]. It is well
known that the stirred zone consists of fine andiagd grains produced due to dynamic recrystaiting76]. Though

FSP has been basically advanced as a grain refimet@ehnique, it is a very attractive process ftso dabricating
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composites. Mishra et al. [77] fabricated the AU'Siurface composites by FSP, and indicated thap&r€cles were well

distributed in the Al matrix, and good bonding wikie Al matrix was generated.
Nano/Micro Metal Matrix Composites

Metal matrix composites containing nano-sized icdment particles inserted into the matrix arenpsong
materials due to the enhancement in mechanicaleptiep. Friction stir processing technique is usedanufacturing
nano composites. Various reinforcement particleteriss were applied in the metals matrices (mietalibstrates) which

were also varied from aluminum alloys to coppenyalland other easy friction stir processed metayal

Metallic Substrate
Aluminum Alloys

Aluminum alloys are the most widely applied metaiubstrate for producing nano composites [6, 8120,16,
18, 19, 21, 22, 33-36, 41, 78, 79, 80-84]. These abplied in case of micro composites [5, 7, X120, 27, 28, 32, 37-39,
42, 85-87]. Aluminum alloy AA5083 [5, 17, 32, 381,485], AA1000 [6, 8, 10], AA6061 [18, 22, 36, M, 42, 81, 87],
AA7075 [16, 19, 21, 35], AA6082 [9, 27, 28], A3581] 20, 78], and other aluminum alloys such as AVRF], AA5052
[12] and aluminum magnesium alloy [33, 34, 82] wire most aluminum alloys received attention fr@searchers in the

recent years concerning metal matrix composites.
Other Metals and Alloys

Copper was used as a metal substrate in manufagtanetal matrix composites [13, 88]. Magnesium [14]

Titanium [23] and other alloys [43, 89] were als®d as a metal substrate in producing metal medrixposites.
Reinforcement Particle

Alumina (AlL,Oz) was the main reinforcement particle used withahstibstrate regardless its type [5, 7-11, 13,
14, 78, 88]. Silicon carbide (SiC) was used extezigialso as reinforcement particles with differerdtal matrices [16-23,
35, 84, 85]. Mixture of both AD; and SiC was also used [37-39]. Other carbides aackC [27, 28, 32], or oxides such
as TiQ [32-34] or CpO3 [81] or compound such as Al-Cr-O [36] were appkeda reinforcement particles.

Process and Joint Design

There are various designs for the process follofeeghroducing matrix metal composites MMCs usinigtion
stir process, FSP and different designs for thet joi specimen used in this process. There arelyn@avwo types of joint
design followed in producing MMCs, first using fialiate [5, 8, 9, 12-15, 18, 20, 22-24, 26-28, 3032 37-46, 90, 91],
second using two plates to form a joint to be wetles, 19, 21, 29]. In case of flat plate thereevievo main methods for
inserting the reinforcement; first making grooved#l)through the plate length [8, 9, 12-15, 18, 2B;24, 27, 28, 32, 34,
37, 39-41, 43-46, 90, 91], second making holefiénsdubstrate in two parallel line having speciftahce apart between
each line or each hole wall [26, 30, 31, 38, 4@]case of the joint with two separate plates, geoeas made at one edge
of one plate and then been joined to the othee i, 19, 21, 29].

Tool used for FSP was mainly from hard steel atioyool steel such as H-13, or WC-Co alloy, ... &tae tool
design including shoulder diameter, pin shape aadheter(s) and length were varied to have colunenaronical shape

which either threaded or un-threaded pin/probe.
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32 M. El-Shennawy & Adel A. Omar

Friction stir process parameters were chosen ataptd the plate thickness, substrate material taont used.
Values varied in the range from 600 up to 1600 fpnaluminum alloys, while traversing speed wer¢hi@ range of 30 up
to 180 mm/min [5, 8, 9, 37, 16, 36, 27, 18, 19, 28, 39, 41, 21]. Special case was recorded usd® 3pm and 348
mm/min for cylindrical specimen with holes [38].Faupper, it was 900-1000 rpm and 40-50 mm/mircdse of Mg and
Mg alloys, it was 800-1500 rpm and 20-45 mm/min.

Material of substrate was mainly from aluminum atsdalloys, copper, magnesium and its alloys. Scases
dealt with mild and stainless steel [29, 40] atahium alloy [30, 43, 46].

Table 1 summarizes the above mentioned details concefpingand process design extracted from numerous

researches. It includes also material of substnadereinforcement type used in those researches.

Table 1: Various Process and Joint Designs Accordinto Numerous Researches

FSP
Using electric current
circuit 12V with 720A

45 180 1120 5

Al 203

Alumina: fixed with glue
in spray
Layers: several upto 200
pum thick.
FSP
Tool: H-13 hardened tool
steel with threaded
concave pin,
35& Shoulder: dia. 19 mm, 224 710,
45 tilt: 0 & 2° 355' 355,
Alumina: fixed with glue 1800
in spray.
Layers: several upto 200
pm thick.

AA5083-H111
o)

180, 1120,

38

SiC & Al,O3

Impact Factor (JCC): 3.6234 NAAS Rating.02
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AA5083-0
ol

Cerium Oxide and MWCNTSs

30
and 0
respe

ct.

FSP
Tool: H-13 hot working
tool steel and heat treateq

Shoulder: cylindrical
concave dia. 18 mm with
threaded pin,

Pin: dia. 6 mm, length 4.5

mm,

Tilt: 5°,

To prevent powder from
spattering: tool with
pinless shoulder was first

used,
Passes: 3 passes.

Goove dimensions:
width x depth: 1.2 x 2

35
(first 2
passes)

45 '(Iast
pass)

800 (first 2

passes),

600 (last
pass)

41

SiC, Gr (graphite) &
Al,O;3

SiC+Gr,
SiC+ALO,

20

FSP
Tool: H-13 tool steel with
screwed taper pin,
Pin: dia. 8 mm, length 3.5
mm,
Shoulder: dia. 24 mm,
tilt: 2.5°
Initial pass: shoulder
without pin.

Groove dimensions:
Square 3 x 3 mf

128 canerine
— 4

All AMENSIENs &rE I MM

40
(5kN
axial

force)

900,
1120,
1400

37

FSP

Tool: H-13,
Shoulder: dia. 24 mm with
screwed taper profile pin,
Pin: dia. 8 mm, length 3.5

mm,
Tilt: 2.5°.
To prevent reinforcement
escape: tool with shoulde
without pin was used.

Groove dimensions:
width x depth: 3 x 3
mn?. Tangential to the
pin in the advancing sid¢
and 2 mm far away fron
the center line of the too

rotation on plate.

40

900

39

AAG061-T6

13

Cr,04

FSP
Tool: H-13,
Shoulder: dia. 18 mm with
threaded taper pin,
Tilt: 3°,

Pin: dia. 6 mm, length 4
mm,
Reinforcement: placed by
atmospheric plasma spra
Passes: 6.

20-40

FSP
Tool: H-13,
Shoulder: dia. 18 mm with
threaded conical pin,
Pin: dia. 6 mm (upper), 4
mm (lower), length 4 mm,
Tilt: 3°,
Coating:150um layer of
Cr,0; was first coated by
APS plasma system on
substrate,

Passes: 1-6 passes.

No groove

100

630

36

81
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0.320

AA6061-O
Al 203

FSP
Holes: 960 holes with dia
1 mm and depth 2 mm in
area 240 x 50 mfMm
Filling: slurry of Al203
was squeezed in the hole
and dried in convection
oven at 116C for 2 hr,
Tool:
Shoulder: dia. 12.5 mm
with threaded conical
probe,
Probe: dia. 5 mm and
length 2 mm

"

(3.6-
4.2 kN
axial
force)

180

1200 10

150-
178,
2-74

AAB061-T651
o
NiTip

FSP
Tool: M42 steel,
Shoulder: dia. 24 mm with
threaded pin,
Pin: dia. 8, length 4.8 mm
Tilt: 2.7°,
Reinforcement were
compacted inside the hol
with 5 MPa.

Groove dimensions:
series of holes with dia 4
mm and depth 5 mm,
wall thickness between
holes: 0.5-1 mm.

s

NiTip
NIy - Fsp
ddososo0000000 -

Tbes: g Al plate i
{

100 600 42

0.050

FSP
Tool: H-13 with two
different pin profiles
(threaded and square),
Shoulder: dia. 20 mm,
Pin: dia. 7.8 mm length 6
mm,
Tilt: 3°,
Reinforcement was packe
in a groove with tool with
shoulder only and no pin,
Passes: single pass.
Tool penetration: 0.12,
0.18, 0.24, 0.30 mm.

Groove dimensions:
width x depth 1 x 5.9
mne.

40,
80,
125,
160

800,
1000,
1250,
1600

18

AAB061
o
SiC

0.050

FSP
Tool: H-13,
Shoulder: dia. 20 mm with
threaded pin,
Pin: dia. 7.8 mm, length §
mm (tool A) & 3.2 mm
(tool B),
Tilt: 3°,

To prevent powder from
spattering: tool with
pinless shoulder was use

Passes: 4 passes with
cooling after each pass
using tool A, then using

tool B.

Groove dimensions:
width x depth: 3 x 5.9
mn? with tool A and 2 x
2 mm2 with tool B after
the 4 passes.

Siep T

LR T R
1 1

N

1I|:0‘ 21%
e

40 1600 22

0.05

AA6082
\‘
Al 203

FSP
Tool: Hardened H-13 tool
steel,
Shoulder: dia. 16 mm,
Pin: dia. 5 mm, length 4
mm,

Groove dimensions:
width x length x dgpth:

1x1 /

Tilt: 3°.

135 1250 8

Impact Factor (JCC): 3.6234

NAAS Rating.02
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Passes: 1-4
FSP
Tool: H-13 tool steel
Pin: dia. 5 mm, length 4
mm,
Shoulder: dia. 16 mm, Groove dimensions:
50 tilt: 3° width x depth: 1000 9
Passes: 1-4 with cooling tp 1 x 4 mnt
room temp. after each
pass,
Initial pass: shoulder
without pin.
FSP Groove dimensions: 5
Tool: HCHCr, | mm deep with 0, 0.4, 0.8
Shoulder: dia. 18 mm wit 1 2 and 1.6 mm width.
threaded pin, 60
Pin: dia. 6 mm, length 5.5 (10 kN 27
mm, axial
Reinforcement: pinless force)
tool is used to cover the
O top of the groove after
101 = | 2 | filing with TiC particles.\ 1200
FSP
Tool: High Carbon High 20
Chromium (HCHC) oil G . L '
hardened sroove dimensions: 60,
Shoulder: dia 22,mm witH width x depth: 0.8 x 5 80, 28
e mn (10KN
threaded pin,
Pin: dia. 6 mm, length 5.5 )
mm.
20
mm
© dia. " '—"4 Y % 77 348
& | and ==l AR AR (7 kN
3 2 12.3 FSP Z i . 3000 38
2| mm i ] \%‘ @ axial
S dia. = 9 @ force)
hole
S
Groove dimensions at
adjoining side: widl%h X
depth: 0.2 x 5 mm;
FSW ) Two strips are joined
o Tool: H-13 (Hot working together
& steel and heat treated), 30.5, 800,
Shoulder: dia. 16 mm with 40, 1000, 16
threaded taper pin, 50 1250
Q 0.045 Pin: length 5.7 mm,
g 5 - FSW for two strips.
< 0.065 ¥l
< = ity
A4
FSP Groove dimensions at
Tool: H-13 heat treated | adjoining side: width x
with different pin depth: 0.2 x 5 mfy
geometries: threaded Two strips are joined 40 1250 19
tapered, triangular, square, together
four-flute square, and four- -
flute cylindrical,

www.iaset.us
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Pin: dia. 4-6 and length 5.
mm.

AA7075
o

FSP
Tool: H-13 hot worked

with threaded tapered pin. g

Groove dimensions:
width x depth: 0.2 x 5
mn¥ on the faying
surface of each plate.

€
ROV -

21

0.050

N
Al 203

FSP
Tool: H-13,
Shoulder: dia. 13.6 mm,
Pin: dia. 5, length 3.7,
Tilt: 25 -5
Passes: 2 — 4 without sto
(no time for cooling),
To prevent powder from
spattering: Tool with

pinless shoulder was used.

Groove dimensions:
width x depth: 1 x 2

Rotational
speed/travel speed:
— 100 mm/rev.

3 12

AA5052-H32

FSP
Tool: dia. 18 mm having
concave shape with
threaded cylindrical pin,
Pin: dia. 5 mm, length 4
mm,
Tilt: 2.5°C,
To fill powder: tool with
pinless shoulder (capping
tool) was used,
Passes: 1-4 passes.

Groove dimensions:
width x depth: 1.2 x 4
mn?

30
(first
pass),

100

1075 (first
pass),
1200

34

0.030

()]
TiO,

AA5052

FSP

Tool: H-13 with a concave
shoulder,

Shoulder: dia. 18 mm,

Pin: dia. 5 mm, length 4,
Tilt: 2.5°,

To close the groove: tool

with pinless shoulder

(capping tool, shoulder dia.

12 mm) was used in first
pass,

Media: different cooling

atmospheric; air (ambient

water-dry ice mixture

(~0°C) and liquid nitrogen

(~-196°C).

Groove dimensions:
width x depth: 1.2 x 3.5

mn.

8 50-200

30
(first
pass),

1125 (first
pass),
800-1400

33

Impact Factor (JCC): 3.6234

NAAS Rating.02
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FSP
Tool: powder metallurgy --- 250 750 7
with 50% TiC.

AA2618-T6
\‘
Al,03 20%

FSP
10 Tool: AISI 1050,
Shoulder: dia. 25 mm
without pin and inserted 15, 500,
0.1 mm into the 20, 700, 17
. 30 1000
workpiece,
Tilt: 2°,
Passes: single pass.
FSP
Shoulder: dia. 16 mm,
Pin: dia. 6 mm x 1.2 mm
002 |  Preh,© mmlengh, 15-90| 500-2000 6
Passes: multiple with
cooling to room temp. afte
each pass.
FSW
Tool: WC-Co hard alloy,
Shoulder: dia. 13.6 with 25, 50,
threaded columnar pin, No Groove. 100, 2000 25
Pin: 6dia. 6 mm, length 150
4.85 mm,
Backing: stainless steel.

AA1050
[6)]
Si

12

Al-10SiO,

Al,O3 resulted after
FSP

Al-Sil0Mg
[6)]
SiC

30 Vol. %

Groove dimensions:
width x depth: 0.5 x 1
mn¥. The groove was

ESP 2.8 mm far from the

Tool: high-speed steel,
Shoulder: columnar shap
10 dia. 18 mm with screwed

pin,
Pin: dia. 6 mm,
Tilt: 2.5°.

center line.

95 1180 91

5A06AI (Al-Mg alloy)
(o))
SiCp

Groove dimensions: it
was made in the
advancing side 1 mm fa|

FSP away from the center lin

Tool: H-13, of the tool rotation on thé

Shoulder: dia. 24 mm, wit| Subtrate, the groove siz
square pin, varied along with the

20 | Pin: dia. 8, length 2 mm,| Volume percentage 4,8 49 900 13

Passes: single pass. & 12%.

To prevent powder from

escaping: tool with pinlesg

shoulder was used.

Pure Cu
w
Al 203

www.iaset.us anti@iaset.us
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o
SiC

25

FSP
Tool: shoulder dia. 16 mn
with conical pin,
Pin: dia. 3 & 4 mm, length
3 mm,
Tilt: 3°,
Net of holes was used fo
filling the reinforcement.

Groove dimensions: No
groove. Net of holes wa
used with zigzag shape
having 4 mm distance
between holes’center in
transverse direction ang
8 mm in longitudinal
direction.

100 mm

o
TiC

FSP

Tool with shoulder dia. 16
mm with conical pin,
Pin: dia. 4 & 3 mm, length
3 mm,

To prevent reinforcement
from scattering: Tool with
pinless shoulder was use

Groove dimensions: no
groove. Holes were
drilled along the surface

of the sustrate. Hole dial.

2 mm, depth 2 mm.

Pure Cu Sheet

Hales. Full of TiC
Purtiches

26

50 1000

31

Impact Factor (JCC): 3.6234
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Groove dimensions:
depth: 2.5 mm.

FSP

Tool: double tempered hqg

working steel,
Shoulder: dia. 20 mm, | «© 4%5]10
Pin: dia. 5 mm, length 3 45

B,C
N

axial
mm,

To prevent scattering of force)
reinforcement: Tool with
pinless shoulder was use

FSP

Tool: H-13 tool steel, Groove dimensions: 12
Shoulder: dia. 15 mm wit width x depth: 1 x 2 (5000 1200 44

tapered pin,
Pin: dia. 3 & 5 mm, length mnt. N load)

2.7 mm.
FSP
Tool with shoulder dia. 20
mm and conical pin,
Pin: dia. 5.5 & 3.5 mm,
0.050 Iength 5 mm, G_roove dimensions:
: Tilt: 0.5°, width x depth: 2 x 5 33.4 1050 14
0.030 .
Passes: 4 passes, mnt
To seal the groove: Tool
with pinless shoulder was
used.

Pure Mg
(&)}
Hydroxyapatite
HA
(&)}

D
AlLO,
CNTs

FSP
Tool: H-13,

Shoulder: dia. 18 mm,
Pin: dia. 6 mm, length 5.7
mm (3 pin types columna Groove dimensions:
w_lthout threads, columna width x depth: 1.2 x 5

with threads and columna| mne
with threads and three

0.035, flutes,

0.350, Tilt: 2°,
1.0 To prevent reinforcement
from being displaced: Too
with pinless shoulder was

used,
Passes: 2-4 passes,
advancing direction for the
subsequent pass was in tl
opposite direction to the
previous pass.

AZ31

800,
45 1000, 15
1200

10

Al 203

www.iaset.us anti@iaset.us



40

M. ElI-Shennawy & Adel A. Omar

0.020

Sio,

AZB1A

FSP
Tool: with shoulder dia. 14
mm,
Pin: dia. 6 mm, length 6
mm,
Tilt: 2°,

Cooling: using back plate
with 3 cooling channels
with cooling water,

Passes: 1-4 passes,

L
To prevent reinforcement , »@
from displacing: tool with
j' (e} )

pinless shoulder was use

Groove dimensions:
width x depth: 1.25 x 6
mm2 (1 and 2 grooves

were used).

@)

b)

800 90

0.040

AZ63
SiC

FSP
Tool with shoulder dia. 20
mm,
Pin: dia. 6 mm length 4.2
mm,
Tilt: 2.5°,
Passes: 5 passes,
After filling the powder,

another plate in the same

size with no groove was
put upon the first plate,
and then the two plates
were put upside down.

Groove dimensions:
width x depth: 2 x 2
mny.

Friction Stir Tool

Upper/plate

G
¥ Bottom plate

20 1500 24

0.070

Mild Steel
TiC

FSW
Tool: Tungsten Carbide,
Shoulder: dia. 16 mm,
Pin: 5 mm,
Tilt: 3°,

Hole was drilled on grove
beginning to decrease toq
wear,

Passes: 1-4 passes.

Groove dimensions:
width x depth: 1 x 2
mn?

Nano-sized TiC powder inside
3° the groove

31.5 1120 29

10

50-
100

0.020

A356-T6
Al 203

0.040

Mechanical milling, High

Velocity Oxy-fuel (HVOF)
Spraying and FSP

High energy planetary bal
mill for A356-5 vol%

Al,0;,
Sieving milled powder to
25-63um,

HVOF spraying to deposi
the powder onto the grit
blasted A356-T6
FSP Tool: H-13,

Tilt; 2°.

ABS6IALO, surface compasite

200 1600 11

Impact Factor (JCC): 3.6234

NAAS Rating.02
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Groove dimensions:
width x depth: 2 x 1

mn?
FSP T, Al
Tool: H-13,
Shoulder: columnar with g
© threaded pin, I
™ 4 % 4 To prevent the sputtering T 127 1800 20
< of powder: aluminum tapg RS
is used to close the gap, l
Passes: double pass (ba
side and front side).
< FSP
3 2 Tool: WC-Co alloy, 1000
T & Shoulder: columnar dia. 1 (1000
S % 21 23 mm, Groove dimensions: kaf
8 --- o S & Pin: dia. 7 mm, length 2.4 width x depth: 1 1 mf 9 100 40
consta
0 £ 05 mm, nt
% (5; Fill the groove: Plane tool load)
=z with 12 mm dia. Under

lower load was used.

FSP
% Tool: Tungsten carbide,
- dia. 16 mm, . L
3] 0 Groove dimensions:
£ Tilt: 3°, ; . S
g To prevent the stir zone width x depth: 2 x 1 m
g nano A (3 grooves separated 16 250 43
> and tool from oxidizing:
X : from each other by a 2
o argon gas shrouding .
5 mm distance).
S system was used,
L Max temp: 850-906C.
FSP Groove dimensions: no
Tool: WC-13 wt% Co, | grooves. Numerous blin
Shoulder: dia. 15 mm with holes were drilled, dia. 1
tapered pin, mm, depth 0.5 — 2 mm.
> Pin: 4 & 6 mm, length 2.2| 2
< mm, o0 0@020Q@OQ®
g 3 Filling the reinforcement: He
h O 55 | through numerous blind- 000060000 30
= ' holes, i; |
Passes: multi passes, *e9e i e
Shielding: Ar2 gas (X NN E NN N
surrounding the rotating |
tool and upper the Covering holes
processed zone to prevel
oxidation,
Temp.: ~ 1100C.
T FSP
'% Tool: tungsten carbide dig. Groove dimensions: 3
= 16 mm, grooves separated 2 mm
2| nano Tilt: 3°, from each other: width ¥ 16 250 46
g Passes: 3 passes unde depth: 2 x 1 mm
2 argon gas shrouding
system.
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Groove dimensions:
width x depth: 2 x 2
FSP mny.
Tool: H-13 with pin made i R W e
of tungsten carbide, Y =4t
. Shoulder: dia. 28 mm,
g 2 | 0050 | Pindia-6mm length3 25-65| 600-1600 23
Tilt: OO, Argan gas shrouding system
Using argon shrouding
system.
Passes: 1-4 passes.
6
FSP
Tool: Steel, Groove dimensions:
® Shoulder: dia. 20 mm with width x depth x length: 200 (F*
© threaded pin, 10 x 0.5 x 180 mrh
E(:U ~ Pin: dia. 6, length 1.5 mm|, &> I?L%SOSO)
c Q | 0.210 Tilt: 1°, T T e g b 1000 32
= = To prevent loss of Ti@ 2\’\ e (subse
o filled plates were covered S e quent
o by the same Al sheet with N | passes)
0.25 mm thickness, =3
Passes: 7 passes.

Examinations

Metallurgical and mechanical characteristics ofaheatatrix composites were studied extensively tseaechers
to evaluate the effect of adding and insertingréfiaforcement particles to the matrix. Examinatioveye carried out to
study the effects of many factors on mechanical mpthllurgical characteristics of the compositeoSenfactors include
volume percent of the reinforcement [13, 27, 45, B6mber of passes [12, 23, 29, 33, 92], toolgtefl5, 18, 19, 80, 92],
process parameters such as rotational and traspesls [15, 18, 25, 93]. The effect of using mixtaf reinforcements
had been also investigated [14, 37-41]. There werse researches which dealt with the frictionsticess as a cure for
the previously produced composites by other metlsodh as powder metallurgy [82, 83], laser cladd@®y 93], and stir
casting [92, 94]. The effect of reinforcement imgrl was the dominating factor studied. The mainforcements used
for producing the composites were,@4 [5-15, 39] and SiC [16-26] or mixture of them [8@}. Other oxides or carbides

of titanium have been also used as reinforcem@at34].
Metallurgical

Optical and scanning examinations [5-10, 12-1423627, 28, 32-39, 41-43, 78-89] and x-ray diffiact{11] in
some cases were the main analysis techniques fdldw determine the metallurgical properties. Ma&isults of using
FSP and nano/micro reinforcements showed graingefent and even distribution of reinforcements fi®,15, 17, 19,
21, 23, 25-31, 33, 34, 40, 41, 44,-46, 81, 82, 84, 88, 90-95]. Grain refinement and better distiiin of the
reinforcement played the main role for enhancemémtechanical properties in general including wese decrease and
hardness increase as explained below. The grdirereént was also enhanced with increasing both eumbpasses and
tool rotational speed. The FSP cured the problegraih growth associated with stir casting or ladadding by breaking

down the carbides resulted after those processdébelsame time eliminated the porosities existad the process of stir
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casting. It was also noticed that intermetallic pormds were not existed neither in the SZ nor éntRWAZ which helped

in strengthening the composite and homogenizingriiperties all through.
Mechanical

Mechanical properties were measured through tetesite hardness test, wear test [5-14, 16-20,2272, 28, 32-
39, 41-43, 78-89] and in limited cases fatigue amgpact tests [21]. The main results indicated iasss in
hardness/microhardness and consequently wearamsisfs, 8-11, 14, 15, 17, 19, 20, 22-24, 26-2833037, 40, 41, 45,
46, 78, 80, 81, 87, 89-93], mechanical propertietuding yield strength, ultimate tensile strenggh10, 12, 13, 16, 18,
19, 21, 27, 33, 35, 37, 41, 78-81, 90, 92, 95], m@ssion strength [78, 82], bending strength [B], dlongation[12, 16,
21, 33, 42, 81, 95], ductility [6, 16, 34, 35, 7&hd stiffness [27], fatigue life [7, 21], toughnd24] and impact
strength[13, 21]. Mechanical properties were aéfdctlirectly by the metallurgical characteristicseaplained above.
Grain refinement and uniform distribution of theinfercement were the reasons behind the enhanceofetiie
mechanical properties including hardness and wesistance. Tensile properties were also improveliding yield and
tensile strength, in the same time elongation anctilty. In specific cases compression and benditrgngth were
measured and showed better records after FSPwtirth noting that all wear tests of material cosifes showed abrasive

wear mainly.
CONCLUSIONS

Friction stir process is used recently as a surfaodification method. It has the advantage of besalid-state
process where the melting point of the materialasreached. The superplasticity condition of ttieesi zone encouraged
many researchers use it in manufacturing the neetaposites where substrate is being grooved anfbreement is put
inside it, then the FSP is applied. This reinforeamis either in micro or nano size. The resultddrastructure has
specific characteristics metallurgical and mechalnidhe researchers studied the effect of variawmofs on such
characteristics. Those factors were mainly coneggdir on the reinforcement volume percentage, timforeement and
substrate material, the process conditions sualuasber of passes, tool design and rotational saktse speeds. The

results can be summarized in the following points:

» Friction stir process showed grain refinement amgroved mechanical properties such as yield anchatée
tensile strength, compressive and bending strengtighness and fatigue life, and hardness, weaicarrdsion

resistance.

* Main reinforcements applied for composite manufactuwere SiC and ADs, whether the substrate material

was aluminum or its alloys or other material susttiapper or steel.

* Hybrid reinforcement where two types were used BAdwn good results concerning microstructure and

mechanical properties.

* Increasing number of passes or tool rotational dpsieowed more microstructure refinement and better

mechanical properties for the composite.

e Threaded tool was the best among other tool desliffssthree-flute or non-threaded design where fine

microstructure and higher mechanical propertiesewecorded.
»  Friction stir process could improve the resulteccrodtructure of metal composites manufactured Mherot
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methods like stir casting or laser cladding whengé grains have been broken into fine grains amdsties

were limited after FSP application.
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