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Abstract. Aluminium (Al) based alloys are used in aerospace and automotive industries due to their high specific
stiffness and high specific strength. To enhance their performance, often their mechanical properties are
improved by making composites via incorporation of ceramic particles as reinforcement. For requirements,
such as high wear resistance, high surface hardness is essential, and therefore making of their ‘surface
composites’ suffices. Friction stir process (FSP) is an effective technique to produce surface composites. By
varying tool rotation speed, microstructure can be controlled to achieve high hardness. In this work,
aluminium alloy Al6061 based surface composites containing silicon carbide and alumina microparticles were
made by FSP method. Surface composites were produced at three tool rotation speeds (rpm: 600, 800, 1000).
Composites were characterized for their microstructure, i.e. grain size, at four distinct zones, namely, nugget
zone (stir zone), heat affected zone, thermo-mechanically affected zone and base metal. Microhardness was
measured for the composites at their nugget zone (stir zone) and for the base metal. Hardness of the
composites was higher than the base metal, due to recrystallized microstructure i.e. reduction in grain size, and
uniform distribution of ceramic particles and their strengthening mechanisms. With increase in tool rotation
speed, the grain size in the composites decreased and consequently their hardness increased, such that, at the
highest speed (1000 rpm), the grain size at the stir zone was smaller by an order of magnitude and the
hardness was three times higher, compared to those of the base metal. Dependence of grain size (and
concomitant increase in hardness) on tool rotation speed provides an effective route for microstructure control
and hardness enhancement during processing of surface composites, without resorting to post-fabrication
secondary processes.
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Annomayus. CriiaBel Ha OCHOBE amoMHUHAS (Al) HCTIONB3YIOTCS B @3pOKOCMHYECKON ¥ aBTOMOOWITEHOM MPOMBIIIIIEHHOCTH

13-32 WX BBICOKOH yAENBHON KECTKOCTH M YAENBHONW MpodHOCTH. C LENbI0 YIIyUIIeHHSI NX MEXaHIMIECKIX CBOMCTB
M3TOTABJIMBAIOT KOMITO3HTHI, BKITFOYAOIINE KEPAMITYECKHE YaCTUIBI B KAUECTBE apMUPYIOIMX JIEMEHTOB. Bricokas
TBEPIIOCTb TIOBEPXHOCTH, HEOOXOAMMasl [UIi IIONMYYEeHWS BBICOKOH HM3HOCOCTOMKOCTH, —OOECITICUMBACTCS
MB3TOTOBJICHUEM («TIOBEPXHOCTHBIX KOMITO3UTOB». OOpabotka TpermeMm c mepemenmBanueM (OTII) seisercs
3((EKTHBHBIM METOIOM IIPOM3BOACTBA ITOBEPXHOCTHBIX KOMIIO3HTOB, IIOCKOJNBKY, JA€T BO3MOMKHOCTH
KOHTPOJIMPOBAaTh MHKPOCTPYKTYPY, W3MEHssl CKOPOCTh BpallleHWss HMHCTpyMeHTa. B Hacrosmeii pabote
TIOBEPXHOCTHBIE KOMIIO3UTHI Ha OCHOBE allOMHHMEBOro cimasa Al6061, cozmepikaripie MHKpOYacTHIIBI KapOunia
KPEMHHS M OKCHIA allFoMuHKs, ObUH 1tostydensl MetoioM OTII. TToBepXHOCTHBIE KOMITO3UTBI H3rOTaBIIMBAIMCH HA
TpeX cKopocTsix BpaieHust nactpymenta (600, 800, 1000 06./mu). [TprBoauTest XapakTepHCTHKa MUKPOCTPYKTYPBI
KOMIIO3UTOB, @ WMEHHO pa3Mepa 3epHa B YEThIPEX PA3IMYHBIX 30HaX — B 30HE TOYEYHOH CBAapKH (30Ha
MIepEMEIIMBaHs), B 30HE TEPMUYECKOTO BIMSIHUS, B 30HE TEPMOMEXAHHMYECKOTO BO3JCHCTBUS M B OCHOBHOM
MeTasue. MUKpOTBEpPIOCTh KOMITO3UTOB M3MEPSUTN B 30HE TOUECUHOH CBApKH (30HE NMEPEMEIIHBAHMSA) U B OCHOBHOM
MeTale. TBEpIOCTh KOMIIO3UTOB ObUIA BBIIIE, YEM Yy OCHOBHOTO METAUIA M3-3a PEKPUCTAUIM30BAHHON
MHKPOCTPYKTYPBI, TO €CTh YMCHBIICHNS pa3Mepa 3epHa ¥ PAaBHOMEPHOTO PACTIPEZIEIICHHS] KEPAMUYIECKHX JacTHI] 1
MEXaHM3MOB X ynpouHeHws.. C yBENMYEHWEM CKOPOCTH BpAIICHWS MHCTPYMEHTa pa3Mep 3epeH B KOMITO3HWTax
YMEHBIIAJICS U, CIIEA0BATEIFHO, YBEIIMUMBAIACH MX TBEPIOCTh, NP STOM HAa MAKCHMAIBHONH CKOPOCTH BPAIICHHS
(1000 06./MrH) pa3Mep 3epeH B 30HE TTepeMeIHBAHMS ObLT HA TIOPSIIOK MEHBIIE, @ TBEPIOCTH B TPH pasa BHIIIIE, YeM
Yy OCHOBHOTO MeTa/lla. 3aBUCHMOCTb pa3Mepa 3epHa (U COIYTCTBYIOLIETO YBENMYEHHUs TBEPAOCTH) OT CKOPOCTH
BpallleHHsI THCTpyMEHTa o0ecrieurBaeT 3¢ (eKTUBHBIIN CrI0CO0 KOHTPOJISI MUKPOCTPYKTYPBI 1 TIOBBILICHHS TBEPAOCTH
BO BpeMsi 00palOTKM TMOBEPXHOCTHBIX KOMIIO3UTOB, He mpuOeras K WX JONOJHHUTENBbHON 00paboTKe moce

H3TrOTOBJICHUA.

Kniouesvie cnosa. obpaboTka TpeHueM c mepemelnnBanueM, ciiaB Al6061, kepamuueckoe apMHPOBaHHE,

MHUKPOCTPYKTYpa, MHKPOTBEPIOCTh

Ana yumupoeanusa: J[xasnakmmu C., Apung Cunrx P., Busek Anana A., llpunusac Pao K., Konosanos C.

3aBUCUMOCTh MHKPOCTPYKTYPHI

MOBEpXHOCTHOro kommno3uta AL6061 ot

CKOPOCTH  BpalICHHS

HHCTpyMEHTa Tpu 00paboTke TpenueMm ¢ nepememmBanneM // Bectauk CHOHPCKOTO roCymapCTBEHHOTO
HHIyCcTpHadbHOTO yHHBepcuTeTa. 2022. Ne 3 (41). C. 45 —55.

Introduction

Friction stir processing (FSP) was developed
based on the basic principles of friction stir welding
(FSW, a solid-state joining process). Using FSP,
control of microstructure can be achieved at
surface/near-surface regions of processed metallic
components [1, 2]. FSP involves movement of a
rapidly rotating, non-consumable tool over the
surface of a work piece. As the surface of a metallic
material is friction stir processed, it undergoes
intense plastic deformation, material mixing and
experiences thermal heating owing to the friction
caused by the mechanical motion of tool. These
occurances cause significant  microstructural
changes, such as, grain refinement, densification
and homogenization of processed zone. FSP is used
to produce: (i) fine-grained structure, (ii) surface
alloying, (iii) surface composites (ex situ), and (iv)
intermetallic compounds, and thereby in situ
composites [1, 2].

FSP is a local thermo-mechanical metal-working
process, which changes local properties of metallic
materials, without affecting their bulk material
properties. A schematic illustration of FSP is shown
in Fig. 1 [3]. During FSP, a cylindrical non-
consumable tool is made to rotate, and the rotating

tool is plunged into a selected area on a work piece
whose surface is to be modified. Typically, a FSP
tool is a pin having small diameter in dimension,
and has a shoulder whose diameter is larger than
that of the pin (Fig. 1).

When a tool is plunged into a metallic sheet, the
rotating pin contacts the surface, and friction gener-
ated thereof between sheet material and shoulder
rapidly heats a small region of metallic sheet. This
also enables transverse movement of the tool over
the metallic sheet. Depth of penetration of tool into
metallic plate is determined by the height of pin, as
penertation is restricted by its shoulder [1 — 3]. Dur-
ing FSP, the area of a metallic sheet to be processed
and the tool are moved relative to each other, such
that the rotating tool traverses with overlapping
passes, until the entire selected area is processed.
The processed zone cools as the tool passes, giving
rise to defect free, dynamically recrystallized and
equiaxed fine-grained microstructure [1 — 3]. Such
beneficial changes in microstructure enhance sur-
face mechanical properties of the processed materi-
als. Some of the process variables of FSP include:
tool plunge depth, tool rotation speed, tool trans-
verse speed, tool tilt angle, pin geometry (i.e.
length, diameter, profile of pin and shoulder), num-
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Fig. 1. Schematic illustration of friction stir processing:

a — rotating tool prior to contact with a metallic plate; b — rotating tool pin makes contact with the metallic plate, creating heat; ¢ —
shoulder makes contact, restricting further penetration into the metallic plate; d — metallic plate moves relative to rotating tool [3]
Puc. 1. Cxemarnueckoe n3o0paxxeHre 00pabOTKH TPEHHUEM C ITepeMEINBaHUEM:

@ — BPAIIAMOIIKIACS HHCTPYMEHT JI0 KOHTAKTa C METAJUIMYECKOM TUIACTHHOM; b — Bparuaromuiics ITudT HHCTPYMEHTa KOHTAKTHPYET
C METAIUTMYECKOH TUIaCTHHOH, BBIACISS TEILIO; ¢ — OypT COMpHKAacaeTcsl, OTpaHUYUBAs TaJIbHEHIIIee MPOHUKHOBEHHE B METAJLTHYC-
CKYIO IUIACTHHY; 0 — MeTaInyecKast IACTHHA JBHKETCS OTHOCHTENBHO BPAIIAIOIIErocss HHCTpyMeHTa [3]

ber of passes of tool over surface, thermal and me-
chanical properties of alloy/matrix, reinforcement
type, particle size, reinforcement content etc [1, 2,
4]. FSP is used to modify microstructure and
mechanical properties of materials such as
aluminium, magnesium, nickel, copper etc.
Aluminium, magnesium and titanium are light-
weight materials, i.e. materials with lower densities.
These materials have good strength-to-weight ratio.
Due in part to this, they are suitable for weight-saving
applications [5]. Light-weighting of structures is a
major requirement in aerospace, automotive, consumer
electronics and sports sectors [6, 7]. However, alumini-
um and its alloys are relatively soft, mainly due to their
face centered cubic (f.c.c) structure, and thus have low
hardness, low mechanical strength and low wear re-
sistance [8]. Surface and bulk mechanical properties of
Al materials can be improved by modification of their
microstructure right during their processing stage [9].
FSP is a suitable method for surface modification of Al
materials. Few examples are highlighted here. Castings
of A356 Al-alloy usually contain porosity [10], which is
undesirable as it reduces strength and ductility, causes
lowering of corrosion resistance, and severely limits
fatigue life. By friction stir processing cast A356 Al-
alloy, its: (i) casting porosity can be eliminated, (ii) mi-
crostructure can be homogenized, and can be recrystal-
lized, and made fine grained, (iii) tensile strength can be
increased by 18% and (iv) ductility can be increased by
6 times [10]. FSP can also improve formability of Al
alloys [10]. As an example, when 2519 aluminium plate
was subjected to FSP, its formability (in terms of capa-
bility to bend without fracture) altered significantly.
While the unmodified plate failed upon its bending by

30°, the friction stir processed plate could be bent even
up to 80°, without cracking.

Using FSP method, surface composites of Al
materials can be produced [4, 11]. Dispersion of
secondary phase particles over Al metal/alloys is
achieved by the stirring action of a tool. Different
approaches  for incorporating reinforcement
particles into Al matrices during their friction stir
processing include [12]: a — hole drilling approach:
particles are filled into holes that are drilled in
straight/zig-zag pattern on top of a work piece, b —
groove filling approach: a groove is created on a
work piece and filled with reinforcement particles; ¢
— sandwich approach: a layer of reinforced particles
is sandwiched between matrix material plates.
Mechanical work by tool during preparation of
surface composites breaks reinforcement particles,
and the increase in number of passes provides
uniform distribution of particles in matrix material
[4,10 - 12].

2. Experimental Procedure

2.1 Materials and Processing

Aluminium AI6061 plate was used as the test mate-
rial. Al6061surface composites were prepared by FSP
via groove filling approach. A groove of about 2 mm
width was cut on the Al6061 plate and was filled with
silicon carbide (SiC, 10 pm) and alumina (Al,Os, 4 pm)
particles taken in equal weight fraction (3 %). FSP tool
was rotated continuously and was allowed to contact
the metal surface over the groove filled with ceramic
particles. The tool tip (i.e. plunger) was plunged into
the metal for a duration of about 8 seconds. FSP was
conducted at  tool rotation speed (rpm) of
600 (Composite 1), 800 (Composite 2) and 1000
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Fig. 2. Four zones observed on a metal surface after friction stir process. Left to right: (1) base metal, (2) heat affected zone
(HAZ), (3) thermo-mechanically affected zone (TMAZ) and (4) nugget zone (stir zone, FSP zone)
Puc. 2. Yetsipe 30H5I, HaOMI0Ja€MBIE HA IOBEPXHOCTH METAJLIa MIOCIIE CBAPKH TPEHHEM ¢ nepemennBanreM. CneBa Hampaso: (1)
OCHOBHO# MeTayu, (2) 30Ha TEpMUYECKOTO BIUSHUS, (3) 30Ha TEPMOMEXaHHIECKOTO BO3ICHCTBUS U (4) 30HY TOUEUHOH CBapKH (30Ha
nepemenBanus, 30Ha OTII)

(Composite 3). Transverse speed of the tool was kept
constant at 60 mm/min. Tilt angle of the tool was 2 degrees.

2.2 Microstructure and Microhardness

Surfaces of composites were polished using SiC
abrasive sheets (until 3000 grit size), followed by pol-
ishing using SiC suspension, and subsequently using
diamond  suspension. Polished specimens were
ultrasonically cleaned in an ethanol bath. Keller’s
reagent was used to etch the cleaned surfaces. Grain
size of the etched specimens was measured using
optical microscopy. Vickers microhardness test was
performed on the cross-section of the specimens (stir
zone and base metal) using 100 g load, for 20 s.

3. Results and Discussion

3.1 Microstructure

FSP composites have four distinct zones (see
schematic, Fig. 2), namely: i — base metal, ii — heat
affected zone (HAZ); iii — thermo-mechanically
affected zone (TMAZ); iv — nugget zone (stir zone,
FSP zone) [12 — 14]. Microstructural features
observed in these four zones of the Al6061 surface
composites are discussed in this section.

TMAZ is the region that is in close proximity to
the stir zone (Fig. 2). In this zone, the material ex-
periences (a) friction generated due to the mechani-
cal motion of the tool and (b) heat arising due to the
generated friction. So the name ‘TMAZ’. Grain size
in the TMAZ is in the range 50 um to 70 um (Fig.
3, d). Grain size is larger in TMAZ than that in the
base metal (40 um) which is due to the higher tem-
perature in the region that causes grain coarsening.
However, due to the mechanical work by the tool,
grains undergo mechanical deformation and hence,
size of some grains is found to be lower (< 70 um,
but > 50 um) than that in the HAZ (70 um, Fig. 3,
c). (d) Nugget Zone (Friction Stir Processed Zone)

Nugget zone is the stir zone. Also known as FSP
zone, as this is the region intended to be made into
as a surface composite (Fig. 2). When compared to
the other regions, stir zone experiences high plastic
deformation, mechanical mixing of reinforcement
particles with matrix material and generation of
high temperature, followed by fast cooling [1, 2, 4,
10, 15]. Area in the zone is highly strain hardened
and grains get considerably reduced in their size. In
the present case, the grain size is < 25 um (Fig. 3,
e), which is 60 % smaller than that of the grains in
the base metal (40 um, Fig. 3, b).

3.1.2 Composite 2: Tool rotation speed 800 rpm

Optical images of Composite 2 are shown in Fig.
4, a. Base metal contains agglomerated and inter-
connected Mg,Si secondary phase along the grain
boundaries. The phase gets broken and becomes
finer in size increasingly in the regions that are af-
fected by the mechanical/shearing action of tool, as
can be seen in the images of HAZ, TMAZ and nug-
get zone. Stir zone shows uniformly distributed sec-
ondary and reinforcement phases.

(a) Base Metal. Average grain size in bulk metal is
70 um (Fig. 4, b), which is larger than that of the grain
size in base metal of Composite 1 (600 rpm).

(b) Heat Affected Zone (HAZ)

Microstructure of the heat affected zone of
Composite 2 is shown in Fig. 4, c. Grains have
higher aspect ratio (i.e. length/diameter) when com-
pared to those in the HAZ of Composite 1. Grains
are found to be elongated along the transverse direc-
tion of the tool movement. Higher mechanical work
and increased frictional heat generated due to the
increase in rotational speed of the tool (compared to
that during the formation of Composite 1, 600 rpm)
causes the directionality of the grains. Grain size in
the zone is in the range 50 pm to 90 um.
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Base Metal HAZ TMAZ Stir Zone

Fig. 3, a. Optical images of Composite 1 (processed at 600 rpm) showing various zones, left to right: base metal, HAZ, TMAZ
and nugget zone (stir zone, FSP zone); (a) Base Metal; Average grain size in bulk metal is 40 um (Fig. 3, b). (b) Heat Affected
Zone (HAZ)

Puc. 3, a. Ontnueckue nzo0paxeHus komro3ura 1 (o6padorannsie mpu 600 00./MHH), TOKA3BIBAIOIIUE PA3THYHBIC 30HBI CIeBa
HaIpaBo: OCHOBHON METaJll, 30Ha TEPMUYECKOTO BIMSHMS, 30Ha TEPMOMEXaHUYECKOTO BO3JIEHCTBUS U 30HY TOUEYHON CBApKU
(3ona mepemennBanms, 30Ha OTII); @) OCHOBHO# MeTaLT; CpeIHHUH pa3Mep 3epHa B MACCHBHOM MeTajuie cocTaBisieT 40 MKkM
(puc. 3, b). (b) 3oHa TEpMHUUECKOTO BIUSHUS

(b) Base Métal, 600 rpm. Rl (’c)vI:IAZ/’600'rpm
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Fig. 3, b —e. Optical images taken at higher magnification of Composite 1 (processed at 600 rpm) showing various zones:

(b) base metal, (c) HAZ, (d) TMAZ and (e) nugget zone (stir zone, FSP zone). (c) Thermo-Mechanically Affected Zone (TMAZ)
Puc. 3, b — e. Onruueckue n306paxkeHus, MOIyYCHHbIE PH GOJIBIIEM yBeIHYeHnH koMro3uta 1 (obpaboranHoro npu 600 00./MuH),
TIOKa3bIBAOIINE PA3INIHbIE 30HBI:

(b) ocHOBHOIT MeTa, (C) 30HY TepMUYECKOTO BIMsSHHUSA, (d) 30HY TEPMOMEXaHUYECKOTO BO3ICHCTBHUS 1 (€) 30Hy TOYECUHOMN
cBapku (3oHa nepememmuBanus, 30Ha OTII). (C) 3oHa TepMOMeXaHNIECKOTO BO3NEHCTBHS
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Base Metal HAZ TMAZ Nugget Zone

Fig. 4, a. Optical images of Composite 2 (processed at 800 rpm) showing various zones:
b — base metal; c — HAZ; d —- TMAZ; e — nugget zone (stir zone, FSP zone)
Puc. 4, a. Ontuueckue n3o0paxenus kommosura 2 (oopadoranusie mpu 800 06./MUH) ¢ pa3nUYHBIMU 30HaMu: b — ocHOBHOM
METaJLT, ¢ — 30Ha TEPMUUYECKOTO BIHsHHS; 0 — 30Ha TEPMOMEXaHUYECKOTO BO3JCHCTBHUSI; € — 30HA TOUCUHO CBapKH (30Ha mepe-
menmBanus, 30Ha OTII)

_‘!,r(.-,.&f-‘f_"'—_'{’z:_/‘i' ol _‘F“l‘., '}g,, ~“’>-‘»":.;;(" o .:,._- T\ 2R s M - = ,- s
(@ITMAZ 800 Fpmid ) 727 | (o) Stir Zone, 800rpm’ *

", 22 e N

LA TANT R Aol v i £ e Al T SO T 2
aken at higher magnification of Composite 2 (processed at 800 rpm) showing various zones:
b — base metal; c — HAZ; d — TMAZ; e — nugget zone (stir zone, FSP zone)
Puc. 4, b—e OnTuueckue n300paXkeH s, HOIYYSHHBIE PH OOJIBIIEM YBEIMYCHUH KOMIIO3UTa 2 (00paboTaHHbIe IpU
800 06./MI/IH), TIOKa3bIBAIOIIUE PA3JIMIHBIC 30HBI: b — ocnoBHOI METAJI; ¢ — 30HAa TEPMUYECKOTO BIUSAHUSA; d —30ma TEepMOMEXa-

HHYECKOTO BO3/CIHCTBHS; € — 30Ha TOYCHUHOM CBapKH (30Ha rnepemernBanus, 3oHa OTIT)

(c) Thermo-Mechanically Affected Zone (TMAZ) Composite 1, 600 rpm), followed by faster cooling,
Grain size in the TMAZ is in the range 40 um to ~ produces relatively narrower grains.

70 um (Fig. 4, d). Higher thermal input and severe (d) Nugget Zone (Friction Stir Processed Zone)

plastic deformation broughtforth by the increase in Microstructure of the nugget zone of Composite

tool speed (compared to that during the formation of 2 is shown in Fig. 4, e. Grains have undergone re-
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finement and their size is < 20 um, which is slightly
smaller than that of the grains in the nugget zone of
Composite 1 (< 25 um, Fig. 3, e).

3.1.3 Composite 3: Tool rotation speed 1000 rpm

Optical images of Composite 3 are shown in Fig. 5, a.

(a) Base Metal

Average grain size in bulk metal is 100 um (Fig.
5, b), which is larger than that of the grain size in
base metal of Composite 2 (600 rpm). Increase in
size of grains in base metal with increase in tool
speed has been reported earlier [16, 17], which is
attributed to high temperature that causes grain
coarsening. Second phase particles (Mg,Si) are seen
distributed along the grain boundaries.

(b) Heat Affected Zone (HAZ)
Microstructure of the heat affected zone of
Composite 3 is shown in Fig. 5, c. Grain size in
the zone is in the range 60 to 80 um, which is a
narrower range when compared to that of the
range of the grain size in the HAZ of Compo-
site 2 (50 um to 90 um, Fig. 4, c).

(¢) Thermo-Mechanically Affected Zone (TMAZ)

Average grain size in the TMAZ is about 60 pum.
Grains are found to be elongated along the trans-
verse direction of the tool motion.

(d) Nugget Zone (Friction Stir Processed Zone)

Microstructure of the nugget zone of Composite
3 is shown in Fig. 5, e. Grains have undergone sig-
nificant grain refinement (grain size < 10 um).
Grain size is lower by one order of magnitude com-
pared to the size of grains in the base metal (100
um, Fig. 5, b). Second phase and reinforcement par-
ticles have become finer in size due to their shear-
ing caused by mechanical work of tool [11, 18], and
they are uniformly distributed due to the stirring
motion of tool [4, 14, 18].

Measured grain size at the four distinct
zones of AI6061 surface composites are given
in Table 1.

3.2 Microhardness

Microhardness values of base metal and stir
zone of the surface composites as a function of
tool rotation speed (rpm) is shown in Fig. 6.
Trends show that with the increase in tool rota-
tion speed (a) hardness of base metal decreases
and (b) hardness in stir zone increases. In the
range of the tool speed considered in the pre-
sent work, at the highest speed (1000 rpm), the
hardness in stir zone is (a) 3 times higher than
that of base metal and (b) 1.8 times higher than
that in stir zone of the composite processed at
the lowest speed (600 rpm).

TMAZ

Nugget Zone

Fig. 5, a. Optical images of Composite 3 (processed at 1000 rpm) showing various zones:
b — base metal; c — HAZ; d — TMAZ; e — nugget zone (stir zone, FSP zone)
Puc. 5, a. Ontuueckue nzodpaxenus kommnosura 3 (oopadorannsie nmpu 1000 06./MHH), TOKa3bIBAIOLINE Pa3IMYHbIC 30HBL:
b — ocHoBHOI MeTasT; b — 30Ha TepMuUUeckoro BiUsHUs; d — 30HA TEPMOMEXAHUYECKOTO BO3IEHCTBHUSA; € — 30Ha TOYEUHOM CBapKU
(30oHa nepemermBanus, 3ona OTII)
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Fig. 5, b—e. Optical images taken at higher magnification of Composite 3 (processed at 1000 rpm) showing various zones:
b — base metal; c — HAZ; d - TMAZ; e — nugget zone (stir zone, FSP zone)
Puc. 5, b—e. Onruueckue U300paKeHUs, TTOTyIEHHBIC TIPH OONBIIEM yBEIMIECHHH KoMmo3uTa 3 (06paborka ripu 1000 06./mMuH),
Ha KOTOPBIX BUIAHBI PA3JIMYHBIC 30HBI: b — ocHoBHOIT MeETaI;, C — 30Ha TEPMHUYECCKOTO BIUAHUA, d — 30Ha TEPMOMEXAHUYICCKOTO
BO3/ICICTBUS; € — 30Ha TOUEYHOH CBapKH (30Ha mepeMernuBanus, 30Ha OTII)

In Al6061 alloy, Mg,Si is the secondary phase
that increases hardness and strength of the alloy,
when compared to pure Al. As the alloy is friction
stir processed, high heat is generated at stir zone
due to frictional heating and plastic deformation.
During the processing of Al6061 surface compo-
sites, extraction of heat by the bulk of the alloy at
the vicinity of tool contact causes a rise in tempera-
ture in the base metal. Consequently, (a) grain size
in the base metal increases and (b) partial dissolu-
tion of the secondary phase occurs [11]. Together,
these two occurances result in the decrease in hard-
ness value of the base metal. With increase in tool
rotation speed, grain size increases further, causing

further decrease in hardness values of the base met-
al (Fig. 6).

Considering grain size (Table) and hardness val-
ues at stir zone (Fig. 6), it is seen that (a) hardness
is inversely dependent on grain size and (b) increase
in tool rotation speed decreases grain size that even-
tually increases hardness.

Surface composites show high hardness in stir
zone due to (a) presence of inherently hard SiC and
Al,O3 ceramic particles and (b) grain refinement.
Friction stir processing of Al6061 alloy to form sur-
face composites gives rise to:

i — uniform distribution of ceramic particles in
stir zone, which act as heterogenous sites for grain
nucleation;

Measured grain size in Al6061 surface composites (Composite 1 — 600 rpm, Composite 2 — 800 rpm
and Composite 3 — 1000 rpm)
H3mepennblii pa3mep 3epHa B MOBepPXHOCTHBIX KoMmo3uTax Al6061 (kommo3ur 1 — 600 06./muH,
koMno3uT 2 — 800 06./MuH u komno3ut 3 — 1000 06./MuH)

Grain Size, um
Toolrpsrgleed, Base Heat Affected Zone Thermo—Mecha}:]icaIIy Affected Stir Zone (SZ) or
Metal (HAZ) Zone (TMAZ) Nugget Zone
600 40 70 50 to 70 <25
800 70 50-70 50-90 <20
1000 100 60-80 60 <10 (Very Fine)
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Fig. 6. Microhardness values of (a) base metal and (b) stir zone of the surface composites as a function
of tool rotation speed (rpm)
Puc. 6. 3Ha4eHUs] MEKPOTBEPAOCTH OCHOBHOTO MeTailia (a) U 30HbI epeMenrBanus (D) MOBEpXHOCTHBIX KOMITIO3HTOB
B 3aBUCHMOCTHU OT CKOPOCTH BpallleHHsI HHCTpyMeHTa (00./MIH)

ii — higher heat extraction and severe plastic de-
formation at stir zone. This aids in nuleation of fine
grains at the stir zone, resulting in dynamically re-
crystallized microstructure;

iii — breakdown in size of Mg,Si secondary
phase network;

iv — high heat generation at stir zone that en-
hances binding of reinforcement with matrix;

v — Orowan strengthening: hard ceramic parti-
cles obstruct dislocation motion during deformation
(i.e. strain hardening) [19].

By increasing hardness of composites, their wear
resistance can be increased, as wear of a material is
inversely related to its hardness, as according to
Archard’s law [20].

Processing of Al-Mg alloys/composites by con-
ventional liquid-state methods (e.g. stir casting),
fusion techniques (e.g. thermal spraying), laser sur-
face modification has certain disadvantages, namely
(a) porosity and (b) formation of brittle Al,C; phase
due to interaction of SiC with molten Al. Both these
occurances are undesirable, as they adversely affect
mechanical properties of materials. In FSP, (a)
porosity is absent/eliminated and (b) extraction of
heat from processing zone by the surrounding
region is fast, and thereby the interaction time is
less, and as a result undesirable phases (e.g. Al,Cs)
do not form [21].

Conclusions

AIl6061 surface composites containing SiC and
Al,O3; microparticles were fabricated by friction stir
processing method, at three tool rotation speeds
(rom: 600, 800, 1000). Composites were

characterized for their grain size and hardness.
Conclusions that could be drawn from the work are:

FSP is an effective method to produce surface
composites;

rotational speed of tool influences microstructure
that consequently alters hardness;

increase in tool rotation speed reduces grain size
at stir zone, attributed to (a) dynamically
recrystallized microstructure and (b) reinforcement
particles acting as grain nucleation sites;

microhardness at stir zone increases with
increase in tool speed, due to: (a) grain refinement
and (ii) Orowan strengthening.

It is expected that reduced grain size and
enhanced surface hardness would provide better
wear resistance to the processed materials.
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