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The Effect of Heat Treatment on the Microstructure and Mechanical
Properties of Al/AlsZr + AlsTi In-situ Hybrid Composite Fabricated by
Friction Stir Processing

M. Zadali Mohammad Kotiyani* and Kh. Ranjbar

Department of Materials Engineering, Faculty of Engineering, Shahid Chamran University of Ahvaz, Ahvaz, Iran.

Abstract: 1n this research, an in-situ hybrid composite reinforced by Al;Zr and Al:Ti aluminide particles was fabricated by
friction stir processing (FSP). The base metal was in the form of a rolled Al 3003-H14 alloy sheet, and zirconium and titanium
metal powders were used as the reinforcements. Six passes of FSP were applied. Tensile strength and hardness of the base metal,
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as well as FSPed samples before and after applying heat treatment, were determined. Microstructural examinations were
performed using optical and scanning electron microcopy (SEM), and phase formation was identified by X-Ray diffraction.
Microstructural examination revealed that by applying FSP, the prior large and elongated grains of the base metal were
converted to the fine and equiaxed grains. It was also observed that chemical reactions occurred at the interface between the
aluminum matrix and the metallic powders, forming in-situ aluminides of Als:Zr and Al;Ti. The post annealing heat treatment
activated these solid state chemical reactions and more aluminides were formed. It was also found that the heat treated hybrid
composite possessed the highest tensile strength and hardness values. The tensile strength in such samples reached 195 MPa, as

compared to 110 MPa of the base metal.

Keywords: Friction stir processing, In-situ hybrid composite, Heat treatment, AlsZr and Al;Ti reinforcement particles.

Lol o35 551 (g3l b 5 anl Sty IS 0k 4
Ll adaor 55 e S5l U @ e G5 58
A Ol e Ry () Ja g e iS58 5 A
b i (Seeliosse 5 ol iy 5 D3 e S8
0P S AT n 5 atee 50 D SCH B M58
Slacy 358 0SB A 5 V] o, ol |, oy 5uls Sl
RSP RCHPE Y PR TGN PRI WS Jp- B
L [V ALFe 5 [Vo AN 8] ALTI O smeas ilisis
Al ol s omud ot Wy aliael Sl a3
Sl Sty g 85 Sl oY S e 5 il Sl
s 5 ks Smadly IS i ban 8 el DI pliad
Rt R R e
53 Ste a3 o558 Olaide S 53 il
53 edd el sla lagsy o DI VT A58 JS05 4
O loed Sy STl s s s b s e OLLS e ()
iS5 (sl pin I ainy L sdiS oy 5 3
s 25 e el oLzl SKaol Al e s sl )s
Sl 035 ALS s S ol Sl Sledas i
TaN T asle e 3L Slstlag s s3lls STy &) soas
By ods A5 lacs s il (s T ol Sles ol
5 A e S Ulssan M5 e il Seol il b
ol )50 Aol Sl (gl s Sla STy 55 sl 52 208
clles U NV 0L 5 S i gl 1101 5,5 )3
A5 ARNVALNI gl 3 sl Sl 5 W1 50~
Sl Syl S s S eyl ilizsl Sasl wul b Lo 5 o
Al 5l ABN (gl T o 5 STt 51 S L

WAA Sle ) Sled FA Jlis udige 53 4 iy 3l g

dade —\
IR S W WO g P VS B YOV P
3L ol el S e Sl sllas ol 230
gl 53 e S s ban b Gl Caglie roeas
IV 501 05,8 o )5 eslinal 5550 S3lubenlsn 5 5,555
S md Sl 5508 a4 S Lacy 5 5ulS ol 5l (glazes
ile oA NS 58 0 g i Ly 9o Sl s g e
SlacjsmlS o Cand ) Slag ol 5 Lileds | SUS
Sadate gladl 5 [V] dims e LS 555 5l S
5025 S5l dawdly (RS (LA (g Sa ;) O s
LIy sl (FSP) ' slazel SKa ol a3 S5
3o D3 L el b o ny e Il ain Glay 3 5lS
slizl SWa ol ol 3 [0 5 ¥] A0 S e 1,5 eslaxad
Al 5l as S s et c b ST S Ul e
sl FSW) T _slizl S ol 8 s
3 OS5 a5 3550 pagien 1 e oy plS
o3ls olal sy by b gt 5l (ol Ol 5 a8 S
58l guls aS i o J s Sl al sl s ol
Sl 4SS gl S a ol 5yl ankes G bSG w ol
)gufjjwp)uwpau}myﬁ;\yu
S 03 0l S b e 35 nld n e (Sldp S
Sy g plad y SLE Jas aaul a5 el
Sy sl e s BB (Silass 50 B ) 03
a0l 4 Maal 534S aul b ol 5l i s [F]
Oyd 55 o aiS (RFSP) 7 sty aslizel Sl

O sl STy Sl s 5 Gl O o sdiS o 55



(353 233 o= ) AL3003-H14 ¢ gis 31 5T G355 (ol oS 5 ) Jst

Al Mn Fe Si

Cu Mg Zn Cr

4av/4 /4 o/YAD o/\¥

o/\OV o/oY) o/e\§ VLA

ol olles 5 (g3 olyd el b alil Sl
IS sl s Chaia 10 el el ol OF 51
CpelS A5 6l = ALTH 5 AlZr (giilus JI I3 gl s
Aol p b oblas 5 e S 5 D3 Sl eslinal L (s o
P N 5 W PP & P R K= O
(et e 0l S5 b ST DS 5 i LSO
5 s elis wtle glacy s sl SO Lol 5 kil

g o amlie b S L 5 s p 0 SOl Sldes Sl da

GRS gy 9 3l Y
Gl L AL 3003-H14 5UT ol 5,5 Gy 3l iass opl 2
Olsmean (1) otz o edd )l gl CS 5L 5 e oo &
ek Wo x Vo oslad b Sor S sla poi o sslind 4l 56
Gee 3 VF oo b Jsb ol G5 Al g ol S B
oAl 5 5o s Sl As () edle B gl 55 e s Sler
3 o3l 5 o3 QAR o st L 0l 5 o5 S
A eslei il sl Sy 58 3 Ol geas O S Yo 5l 5SS
Sl ol sl eals gL (V) IS s ld cpl (654055550
o S Ly 0diS 58 DS Ol bl (S el
Sl gl 5l S5 03,55 5 el 03538 O 4 (g slwe
ik SOt 9 ST DS g e VY Al RE LSS
O Sl 4233 g Jia Foo g ards 53 505 VOO i Sy Sl
o 03 oy s s 3 (6 e pskieas 5 5Lt e
S UK Gl gl 1l s eslinad izl Sl a3
e Lodd Sl SLLs HIB JLS 0 35V 5
e ke i g ls e L VA GLS ks L 500 HRC
el Sl sl o) s aw asly 5 e b =y O b
i A Ol sl el Skl a3

o)

ALND dus (oS5 (S8 oman 5 alizl Sl
Sllas pLosil 51 oy AN NI oy S 2iie b
i K bl Sy oo el BT -
Jsl oo ol U ) o VY] 0L
Sl G508 SELS ol 5 sl
bzl S sl aul b b g et A 5 ALTION/ALTi
csl T ol Slles &S Ls 5 518 Wl sl
a3 LTIO2 S35 s ol Sl 28Ty s JalS
i aelS SOl ol 3 e 5 0 el
S ALZE Aol JT S 5 oS ol ol d (318 55 e
S5 Opmar 93 50 pamia ol (30 Jdoe ALTI
Ao Cnglan 5 Y SVl Jsde VU gl adeds (ol
Sliessls 5o Sl S 5 S Ulpea Jlo Ol
Sl s pelS A5 [1F] 355 0 bl pn gois I i
AT 5 ALZE SUS 5 b sddla o oagie T aes sbr s
Lol )d Osomed CujsnlS il o3 a2y ple bau s
5 D] S0 5 5 S S, DA 5 WV S,
5 el edd L [Yo] 55 (6551 slasiy G
Sy 5 D)5 O oy ST S olsan b ol iS 8
ol ol p_:;,:o}ﬂ e e ;;)K" M| adal 54
et O 4l U LS 5SS e 5 iS58
G (Sl 3 5elS 3 ladul B sla s s
Aalr el sladyl b oS ol Jlms cul [F] L53
2 Ll sl b gles oS sliml (Sl )b O zmes
ade ) glaneas 3,5 o 513 psmmn ll aes 55 slos 31 5ol
Al a3 sladgl b slacys g 5 OIS
A5 IS e )l OB 5 s S sl L5 10

Ayl b AL/ALZE + ALTI L ys (S n C 50lS

WA Sle o) sled FA Jlo o owdige 53 ab i 3l 4



SEM MAG: 5.00 kx

SEMHV. 15.0 kV

S5 (2 w858 25 (W03 588500 5 sl 09 gy S9N g 5Ky K pslas -\ JSS

5335 Slasl Gl s Liea o oen s (MIRA3
Philips Xpert-MPD Jue)” oSGl 50 (50 6T 51 sl
s Lo 5 Laass gl sy A eslizad (Cu Koo ik
D?\oo Sk o (HVS 1000 JUa IPS) 5,50 5 s 5o s Soo
Sty S Glaas ad A oLl B V0 Ole 5 58
S0 3l S 4l SaSay ASTM E8 sk b K3 )b
plis s Lo 1S O3] 5 L g 5 eelS 4l
adsl 23,5 5 L e glos 5> (SANTAM-STM-50 KN)
Glat e 2l g (S8 Sled A plnil 436 2 Yox)Vo™"
et 5 i) 5 Sy G s gl S e

e 0 o3ls 0Lz () K2 3 S O el

Sl oo, 2 VY
sl b Sl 5l G S S pslas
eS8 5B 3 053 Oady el lizil SISkl
sds a8 e bolen coul sdd esls OLES (F) K5 s
u;@.a (=¥ JK8) asly slizel aabis 55 05 e

EPENGPEDY ov\_«:beJJ:-)L}J)JM)‘ &)KM)JSLA e

S (=) USKa 55 Laasy ol s s sslizad slal
o e bzl SISkl )3 plonil (gl e 0 313
sakds 3 e Ve O fa ol v St 5 S
Ol Uty e o 5 eolind L aids e Lo 0O
ol S a8 Gl S il el sl s
S A ol S5 5alS A5 5l LB S o OV
3,8 Sl as 3000 sles 5o J.J ol Slles >
el 5 odd A5 a5 5lS 65y Cola Sl Ol e
Oloa Ly asly b o) —alazel Sa ol dyl b as
e oS 58 D3 03558 Ok DLipl el S5 sla el
Aol s ol e g Gl m o3 S o
VP 1 LK 5 e S S 5 sl S
P> oS IS o il S A
b L oS ol L s el 13 e Sa B Salies
Sl sl al b SOls il elad sy Jilizel coo
o303 QLS (@ =Y) JSCo 03 Ji S sn f Candsn 5 5 AL
s S g ooty Gla ) el 0l

5 (IM 7200 Jo—» Meiji ~ Techno) (OM) " g,

Jae TE-SCAN) (SEM) ® sy s i oy s s Ses

oy



Oy b (o2 g 3l

B

oo yloafs asy

FSP I3

(59 iy, S

calyd lyoadsg 5l

SIS g

(N

plmil G o sol 1l
FSP uul,

(&)

ol ) glS a4l

Los oS CM.T s

Data
logger

9 &L&L’G‘ é&k@i .La“‘Ja w:w (b.;‘, U:"ajjﬁ Qi‘ 5 ol ealanul ‘5\#:)‘}} R (Al -y JS.."«

S S 4 sl iS5 S P Carise

Lol Jlesl a8 Jl- 53 ol VY syu (5 e 4 Jsb cod
Mb}.&wﬂ fﬂjjg:a A &ls oj\.l.?‘ .la.w)fvcbud.:b A
3o 535 LS gy 85 4 Ll e golla gy Dl s
G ilizel SKhaosl ayl b o 53 (DRX) ”v_i:»l:..l;
b sl 5o a8 IS g0 5 a=U [YY] 55 ols
IS w5 Las aSiul 5 5 L 5,8 e 3wl sl
A e al plizel asU asbaa | YL cda Saudly

Sorlys sdzme 55l BelS g8 6l Ol ol Js 4S8 0

oy

s 5 Al la bl O3 s 4 L8 e U, oy
S8l dyl o LSin 53 esle LS Dl 5 pliz]
sdaliie (G =F) ISTE 3 [YV] 55 enls s il
S5 e izl SWhol syl b dlesl oS 355 0
b (SZ) Vasl izl sl old [ms 4l an
53 (HAZ) 'l > 5l Sl ab 5 (TMAZ) A 40 5
doas e 0L (3 =F) S el ods BM) il 5B s
o AiS 5 S sladils gl bl s w0l 5l S

)J_:.Ajjg.:ﬁ V0o .la_.wj:.ﬁdj_la e)".\_'a\l_.sb)).;g:,‘.@;.-)b ol

WA Sl ) soled FA o owdige 3 4B i 3l



on 8l plaie v 4 el

) 5 Solle iy,

S god gl Sl Sl go 5 (LBl (Sl dyl Lo 5 o dSM 5 a5 palS opaled Y IS
oS S g e 3y — S Ple

N S 5 058 sy S s Soe s sleas
A 3 Ll o el A 5 (G e S plS Sl
el sl el 0L () s s T sl olles )
05 oSy o Dl yd aS 5 e sdalie ola nl L ils
oo ST ilaie 40 Sn 5 old i e wie el
=#) 5 (Gl %) [ 55 a aslie L s el odys (glodd
e 3 ol 5 s S 5 D3 S sl e dlaSle (o
L o oy S S5 ISEa (0 et o plS
S T Sl Slles 5l dm Sl pl &S Il
Lo bls Ky g ,maS Bas
St Slay 5l Sl 5 VL LS5 b sl
g’)—:‘n”)ﬂ dgnd rsleds a5 bl sl o351 (V) S s
S 5 w55 25 Kot 53 48 555 o 03 sl S
HUT 0ol ablel K (g 1Sl 5 G oy O 53 55 40

LLE.;)@J}J LJiU‘Wu'S%‘}:Ji. S5 S Wu;k S s

3 Selos sdzee 50 sl U ol W e 315
3l b aS ol J s ol sd e S (Slsn,
&a)@ﬁiﬂﬁd}f@&,}«?ujb O s ol
Ly e e al 5l A0 sles (3, Vb 5 S ool a2 )
IY¥] 352 0 4l cl 3 Lasils

33 ilasy Sl 48 5 e sdalie (0) S5 L il
B i e Grag Son gy 550) (RS spelS sed
S35 e Jeds ol sas alizl Shaol 4l
AS o dad enls Cod s iS g o8 O3 sl 4 Ll S e
(PSN) M slo,3 Sy o G54l g 0551800 b allae )3 )
3l DRI Gl el ole Joms Do il e
Al S e e 5 Seelus sdame kS e 3 i gladls
Olsteany (ZHP) ol pn = 55 (SX153k p 5ol b Gollas
e S S s bakils A 51 6,8 gl ola e
L8] 5580 4503 ol 3 glale=de LG Sls s,

oY



©)

2 2

T

/ 359 g 53 ekl

CIOCWt S g i T o

Bl Ll by w515 plake e (ol 00 3Ll SISkl b 515 51 55 oS Sn sbas - S
B ;3 HAZ (TMAZ SZ : Joli |50 40 4w s kiasylis oS adly slizel 4l 5wl 6 S e fuad (&

8l o..\:.:.SJcS/J}.: 6\.&45‘.: ‘5_3‘? QH}B(AJJ‘?MV.QJ}QJ 6\.&43‘.:%4:5\.:&‘.:;“ 45’\3 (Gcﬁ-mJ ‘i‘i

S pp CoaplS ey 5l L (2 Sws S g 0SS

o0 WA Sl ) soled FA o owdige 3 4B i 3l



WD: 14.01 mm

C,.:)}g‘s (< )bbﬁ))bawq}zs C)b'.: @}j e}m)‘ J..’(gﬁ Q})ﬁ‘ g;:"fJJ J}Jﬁ‘ &J&d}ﬁ,ﬂﬁ}w—;p

ki T )l Slles s pmp Ca)0lS (O 5 gk

YV 5 Y] ol ol 03,51 o3 53 bos e
AGyL,ze =—47381-24.373T+3.894T (J/mol) (1)
AGy,i = — 40349.6+10.36525T (J/mol) (Y)
31,8 mlw a3 FVo glas ;3358 a0l &S boles
Glhe tasi o s el b o S gl nt)
((A) S 3 ed oals O 5l > S L

e SleamSl LB s AGAS = -46669 J/mol

s Sl K5 e 45 Sl AGRY =-33270 J/mol

s GRSl Sl G5 s Seelussa S a8 e S
o3 il o ilad Oy Cond 5 S 5 DS L f}:-':”}ﬂ
ohe ($358 755 S 2 Shlon 1 S 5 A5 5 sl
ol g ol Ol s Sz 50 Salyge S
3 oalem e gl ad sl gLl G 58 el J e LSS
e I S5 53 s 33 2 3 el lie JT 50
e ¥l glas s 5 oilad — c;—:#:‘ﬁ 3SR~
oo A1 3 0 58 25 Sadaler Jpome e 31 S L
J e Ol seay AL(T) p e J1 5 (ilss 5 AL (Z)
L pssn o S e b 55 sl L3 G (slakel

1S VP S JS 53 ("3‘.1

W S 3 o

Gl () 48 doms e OLE (e 5 05k b odd asiie
i ALTi 5 AlZr dsbue )T OLS 5 (g Sl K
0553 4 pae I Slas! 3580 aaulsay 5 Glrys &y oay S
Sl S o el JS5 (Sl 5 oS 5 S
Csl il oo ilizsl Sa ol ayl b 5l fols aus
2l s S S8 o il JT 4Y 00 4
oy ol e 55 1 3 pl 5 (L Lok jasiiie 3blie)
A P U NP WOV [ IRCH T S S K S U =
B sl iasn 5 Al (SWasl )b s gl
3 S 05 Db anglie L[YO 5 YF] ol s oS e
3 Sl s Jm i a8 sp e sdalitae il
ol S I s il esls STy e s I wa b S 0
ALl (S 5SSl a0V 5o b (ks 5 gl sl
Ll e ol i ar s sl WS op S ol 03l
B ol sl e 5 Bl 4 Cad i S 5 00 Sl 4
AL gl Sty g esls S p e JT L ST
5 Sy pe 5 o 1 wslis 4 Sl paa T L oS 25
oS B3 (65 1 ks 3y a5 S e 5 St
U S ABTI 5 AlZr sabe )l SLS 5 LSS

0F



13000- Alla, . .
. Elt | Line Tnt W% A%
12000 Al | Ka | 31038 | 4717 | 75.11
Zr La 1397.6 52.83 24.89
11000 & 2
M AL Zr 1fano
10000 ; particles *
9000 A :
8000- e ).
Y
7000
6000
5000
2R Y & il
4000 Zla - 5 ;
3000 ; j :
2000 y
1000 Al Matrix
A - .
0- e T ——— — | semavisow |y 0]
5 10
15000 AlKa
Elt Line Int W% A%
] Al Ka 3523.8 61.87 74.23
Ti Ka 388.0 38.13 25.77
Al;Tinano
10000 particles
5000
| s Al Matrix
|TiLe
i KB
0 T — : : - T - : SEMMAG: 10.0kx | SEMHV: 15.0 kv
B 10

25 39> g0 Vﬁ‘l:‘g (C‘gr.y_,sfu (A :Q‘JSsSJ:.i.aJaaéﬂdﬂfﬁ&}jﬁ“;@j)@‘gfﬁldpjﬁﬁjw—vJSJ«
g Gbls 51 SOl 81 655 Pl e (g @ g 5 (BLRE (Sl dul 51 ) (bt CuaelS HLSL gy,

ov

Temperature (°C)

450
400
350
300
250
200
150
100

50

@}aje‘)l.‘;au)\ﬁlge.k&

Peak temperature = 410 °C

100 200

Time (sec)

300 400 500

Ll Sl Ayl 3 e s 0 dd s S o3kl 5l [Sew —A S5

WA Sle o) sled FA Jlo o owdige 53 ab i 3l 4



[YA] ohlan 5 SIS ol s slibin JT S 5 4 3
odd A5 o aelS o wilis D3 sl 1 o e
e HUT Ao S edalitio 8 oy il la s
s S S 3 51 S 2 S5 A i
Gl I OS5 odas jpbas i3l 48 das e OLES
33l e sl dsl b plol el ey oS dizes ALZr
5 GBSl 03,8 35 Wl 000 0581 (slal
S3) (0 =F) JSE L ldas 0 s S 5 s O3 gl
A5l s 5 YL b sdalie () s i)
Al e O5eST L GRSTs @ 5 il 5 alecd

o5 a8 ks 1) i e Sl Jd e

oSN S Ha Sk s Y-y
5ol 5B bl STXRD) oSl 55 5 3l S
il el 03,51 (Vo) S 55 sl ud slace spelS
Sl s 53 305 e 0ds bl U 6 S 51 aS @S 0les
wils ) pa= Alg(MnFe) ¢ 5 51 (Sl zol LS 5 4l 5
S0 550 >) Ll VL cdan Il by |Ldsw oS
33 5 il STl du) b Slaay o (318 mle 4 s
G @l sle o SL bl s 55 5 el Jo win]
=S5 b e B Gy S Sui el
Gl Sty sl wlg e S0 s ALTi 5 ALZr
03 pame gl aciad b odd 035381 515 5 w558 03 LS
OLS i podle il dlis) SKho/ Al p
D3 by Bl S o 35 e e sl
Gllas 5 o 03 0l S5 (S 3 55 Wl 5 eSS 5
o okl 4l Slws 5 (z V) 5 (Al-V) gl o L
i e Ll S g Sy 6N s ey
03> Lomd Slrlw iy 53 35 5o @SS 5 @S 55 D3
L RSl 4 Goge il (SWasl gl o 3 45 52
3 el o3l STy D3 D sy 5 el o gt
Slilas sl a8 ol Jbjs ol il e 3L Skl

(deoys o/o8) Al (Zr) dsls J goms D> > oS bl
o/VF) Al (Ti) dalr J sdoee G D s il 5 S
Al (Zr) sl Jsdoes oo CL.;:\ o 1 ol (Ao s
Sl I S 5 Aty 5 el amns 5 00 i
235 dal g elowil (5 i e b ALZE

Cos osle 4SSl e ilizel Sl Aol b s
Vyane 5 ol Sl s 3,8 o 13 IS0 50 5 dal
3 O RS e aaly Al B Ol o il s s s
sl bl an a5 L aS [YY] ol Sl (50 o e
Fosgd 1) dul 3 Ol Ol g0 s cpl 53 el Ol
S ALTI 5 ALZr ol.s 5 | Sos e 8 s a iU
Lyl o olizl Saol agl b s ol S Ol jcoe
le S bloan Los (m,N0 ia ediSJled SIS 50 5
SR 5 S el (Sadly P s (Sl
ST gls S 58 5 b glral J&s il dadls) e s
oo Al L oliS 5 0558 53 shle S STy 5l ol
5 eesS s DU e i T 35k sl p 1) b S
S0 O S jate Ly ols Loed Ol g0 S o0 g o5liS
sl (V 1S2) Ll Ol bl s 5 S o3
b 3wl s dsls el ol i STy oS 555
SLisl p oo 1 ains L olad/ o 58 3 3 o S 2
el o S b i O3 s ST e O bay e 5 03l
oSy D i D3 Sl sl s ea Sy s cnl b
Sl Ul g e aS 555 e ods Sl 5o elds esls
L oSl wd i = IS 50 5 dal 5 0355
AL D3 65 e Gl 4 Oy

5ol Sl Sl edd 4 sLaplll 5 sloas
das o 0Ll () IS L Gillas ol 5ol Sldas (s 0n
i S el 35 a2 03 Slge aaulsa ST )b oS
el 03 ALTE S 5 4 ols Coips D3 5l g LB
03 Dslize Sl oSS S, Sbd 6l s S J

u_:‘dl_auiﬁu¢w Ji""‘: Mbh}b@bdéf@ﬁﬁé\ﬁ

OA



g AlK o
4507
s Al Ka 858.7 64.94 76.6%
i [T | Ka | 1867 | 3506 | 2332 |
350
300
250
200
150
100
] TiKer
50 lr
IMLe
1 iK]
n_'AL*.Ln“.I i _l.ﬁ eV
e e T
5 10 15
o A 13000 e
19 12000 C
10003 Al Ka 733.4 61.05 73.56 -
[0 ma | ioa4 | 3mos | 2644 11000- © Ea 2144 2214 44.64
0003 Al Ka 3027.1 33.05 30.52
10000- Zr Ia 18215 4481 15.85
9003
E 5000
0 000
63 7000
_; 60002
e zip
490_5 B00- Zrle
g A000-
3003
E 3000
2003 TiKa
2000
T K
100 E o lﬁKﬁ 1000 ot
3 m ,L ke
03 e e 0 N B e e eV
0 5 10 1 5 10 15

3 U""i) S ep q}”\s)babk)j;Yb dﬂ.«f,}a\aﬂj QJ}S.“ dfle"’) J},‘&“ &j&jﬁﬁ_’ﬁ (-9 JSJ«
EDSS(:;EDSZ(C‘EDSI (u b U“‘Si‘jﬁ: s55 uﬁlﬁaﬁ._bo.\.i J:J L;J‘f" QWW}(wZW| L,S&h.p‘

9ok lass 53 s e @Sl O3 Sl ledes iy B e
s ALTi d b T S 5 sl LB slis LS5
Dleas 0 055 e 25 selS sl S aglie Lo
DR e et als Sy ol Jals J,:'.Td?)lf
1 ALTH Sibin gl S5 0 b slacSy o 13
G s 3y e 0l oS Hsb0les 3 S sdalin -y sa
S A YV=Ye G asly o3b o G mp CujselS
ALTi 5l S T 5 e = ol D3 a by e Sy
s il ol lles a8 J s 555 0l ol

04

S5 S 4 e Sl d eSS
ST PO B PG P W S IV VPN W E PR U
SABZr sl Il SLS 5 gl glas ol 5 sl
el ‘}_<M U—l\ b L;Ua.a Sl odalin JJG C}aﬂjd.’ A13T1
Aol oS s SLd A b e Glasy ool S 550
S 25 3 kS G pme b STy Sily Ll e 4S 0l
hbe I oS 5 lorys S 5 skl 55 3 g e

MfuﬁJfTé)‘J}QWASJiJQ‘}S@JJMAMW

WA Sl ) soled FA o owdige 3 4B i 3l



P
% =

J} °H

3F ;@ 39 40

Hyvbrid Composite + *
Heat Treatment

+ +

ade L .
ﬂw] ;J ‘fJ'k'\d'pr‘in"‘l W \'M

Hybrid Composite

Intensity (arb Unit)

m Al s Al3Zr
¢ Zr  + ALTI
7 Ti & AlsMnFe)
| |
x s

N LJJJ ;

. L’i‘ﬂ-i
J 2

3|

|

. iy
+
I + . q‘\[ e
A |
IS CR LTV R L S
Bage Metal ‘ \
A Bad |L
AP TR P ——— 'W\.J h-\-hw p— lk‘""‘-“r""-"“"""I
10 EI;J Jlﬂ 4JO 50 EU ?D 3".' 90
Degree (20)

e.LwJ.J

d#;Q;jlsﬁjJ&g@\°°UJwr\§mﬂl¢él
I bS5 kel 0 sl sl el s 3 YO U
oals s DA Ll 5 o 3 S8 5l ol gla slal
bjﬁ@l}‘yébﬁwﬁﬁjbggﬁrw‘)b
S Cl Js ol il ol (518 [YA] ol 5
S et S aalS 5 5 el ) 5 (S e Sy 5elS

ij g_,._.‘fd_s WS ¢l.<.>w\ ol J,.;\ )‘J>- uUw&
Ol 5 5l b 5l 4 e JKLLIKL 140 5150 S Sa
JSid i g e S ped S5l 4 S 0l Sl >
Sl 5y 5 bV 352 00l Cond ghiln T LS 5 miy
)ouwﬁ:m\é&ul@‘\ij_bcgli}ﬁMwwﬁ

J‘fuwékﬂujysjdkﬁujysubb)@)L’Lﬂj})‘h-&w%d&‘yﬂ

Sl K-y e s

OB s 5 YT 0L 5 Sl sl alb AT o
o3l 2 STy Ni ly3 5l glodas sy G me ol lo
Sl gladade JuB alie | S05 5 sty 53 55 50
LSJ)J—”" )‘fuLM?bu\)‘.l_u\)Ale uL..SJ,:

s S 558 AVALNI & 5lS

SSEKe ol g5 ¥
b B el B gl dige RS A sla e
25 s Glacj5elS 50 5 e lizl SKhol
B sy s e el 4SS boles ol sl es,50 (V) IS
Isb sl 5 Bl VYo spam 228 oSl &l

Jlasl a5 Jls s das 0 Ol 555 3115 de 3 TV 550



210
195 |
180 |
165 |

150 Hybrid composite

+ Heat Treatment

135

l

120 -
105
90
75
60
45
30
15

Stress (MPa)

Hybnd composite

0 0.05 0.1 0.15

02 025 03 035 0.4

Strain

Ld god owdige 558 — A5 slajlspas -V IS

Sl Cu350lS 5 S et S pelS &S il s (g

3PN Ssd ey b e o e el Sl Dlles
iy e LB 5l s e 0L | 5,08 AY
e Cod 0l d )l Oldhes G el s sl sl -
OS5 ity B an Al e (0 s S 5lS
SALZE SULS ) 5L Gl aa e b S il
Camd G55 080 5 P00 55l s j 4 (o LADLTI
Syl 55 JiiS rl.(;cw:l 9 S Sy D s o303
3 S 58 Db sl 4 Ll e edd A5 (G e
S u—“"(’K":-‘”( el ‘_;Lap,gl.@a 05,5 Jlad 4z s
r}:.n_{.o Dl O3 Ledacy 58 slacy 58 53 553 esls
a5 (Y Ol oSl S () ol
53 9L5 B (Vi —dls aaly 4 a5 L bl
(F eS8 Db 5 asee) o Sul= bludl g 0
S e g oSy 8 O S ie faad ps Sl S
503,58 Joe Lol oS > ol 5o (ilse Olses

23 550 sla ool glﬁ;; el bl A e coees

£

5035 am S ) (S B Jsb sl b s Zu5 58
S jselS Wped (Jg dias o 0L 555 511 o 5 e 3,
S5 Ciew OS5yl blaw ol Sl Slles
03 s o OLiS s 5l (6n 5 S ks, AT 5 AlZr
IO 5 a s Lo et ool alie 2ass
ol L] g A/ALFe sls s CujsmlS 55 5 5 CunSa &2
Cow OS5 sl Cleas Lalil SKhol wul b bu g
O3 e S e b s ehga Sl s AlFe 5 5
Wl 0 0313 o pyin ll 4e i Fe
Al U Gl i Sl s s Jds
23 G Gl el 5 eds alizl SKol 4l
J'_Lé.»j_.iwe.,\_i: S sbolen .g;wlo.x;:o;)ﬂ(\\“)dﬁj
Aas e 0L 35 511 5,805 FYHY ss0s s 4l
o e OF g, bzl Sl aul b Jlsl S J- s
i e il sl s 5P L ey, ol
ol e s s aiS S s 53 aS sboles
Al slazl el s sleleg; ods 6l blra l5

WA Sle o) sled FA Jlo o owdige 53 ab i 3l 4



-l—- Base metal
-l Base metal FSPed

100‘ -—~ Hybrid Composite

Microhardness (HV)

- Hybrid Composite + HT

Distance (mm)

bk god (Sin) Jon VY K&

S Lo 58 DS gl D G mees 5 5y Akl 4
e badils 1 5l S Sl s el b el
A eSSl ol il o

G383 el S g3l S sl sla STy Y
LS 53 e Il s o 35330 ileS 5 i S 5
Sl gl s LK 4 e alizel Sl wl b
A3 ABTI 5 AlZr sl

S jie Jad 3wl AlTiy AlZr gabes )T SLS 5 -F
bl aees L oilts 5 oS 3 58 b
L N Y e R T
S ey Wiy s @"‘}Si

e S ed SaiaelS S Jol ol Sl plil ¥
Sl S e ol dalr Sl sl sla STy LAl o
S5l Sledes ik 5 iS5 D3 eled L oS
L e bl 03 5o pe o3l STy ol
Ldd sl ABTI 5 ALZr s les )T LS 5
b b el s 5 (S el s

"’\'.ng" U.:.; d«”ﬁj (_};.LE S e

(P8t glap 515 1y Sege Olie s Lpd o Sl
o b G ol s Mol Wi e a8 S B0
oy Olslogl asplSomil p 3l sl sy sla s
S5 ALTE 5 ABZr asbe T 5oy Sy Slpb 552
Sl 5 (VIS8 acas 3 glrus O o sl
Slrp S (g Ol meay (0 JS20) Sl
s 5 S oSl Bl a5l asplSond

s e 4 S sl 4 Cd Sy 5elS

S ot ¥
L oddm 58 slorps Gt SaselS (Shash ol oo
o ST G sus 2 ABTI 5 ABZr subue J1 3
s alial Sl ayl b b s Al 3003-H14
a3 0o gl s sl 5l Slkes OF Iz
el i snlS g el g Ol Sde w0l 8 e
P e SRR LY okl s @Lﬂ W
ilizel Sl dul b3l ol Salys stz ks )
ot ol iS5 S5 sladls Sl jltla g ks 4 e

#Y



wnm A W=

A

. friction stir processing

. friction stir welding

.reactive friction stir processing

. stir zone

.thermo mechanically affected zone
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