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Abstract: E ffects of fr iction st ir pro cessin g ( FSP) param eters and reinforcements on the wear beh avior of 6061 -1'6

based h ybrid com posites we re investigated. A mathem at ical formulat ion was deri ved to ca lculate the wea r vo lume

loss of the composites. T he experime nta l results we re con trasted wi th t he results of the pr oposed mod el. T he infl u

ences of sli ding distance , too l traverse and rot a tion al speeds , as well as graphite (Gr ) and titan ium carbide (TiC)

vo lu me fractions on the wear vo lu me loss of the composites were also inves tigated us ing th e prepared formu lat ion.

The results demon st rated that the wea r volume loss of the composi tes s ignificantly inc reased wit h incre asi ng sliding

distance , tool traverse speed, an d ro tationa l speed; whi le th e wea r vo lume loss decr eased wit h incr easing vo lume

fracti on of the rei nforcemen ts . A m inimum wear vo lume loss for the h yb rid composi tes wit h complex reinf orcements

was spec ified at the inelusion ra t io of 50 % TiC+50 % Al 2 0 3 becau se of improved lubricant ability, as we ll as resis t

ance to bri ttlen ess and wear. New possibilities to develop we ar- res is ta nt aluminum-based composites for differ ent in

dust ria l ap plications we re prop osed.
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Metal matri x com posites (MMCs) are wid ely used

in ae ro space , autom obile , militar y, an d biomedical a p

plica tions because of their high s pecific s t rength an d

co nside ra bly low density. In the fabrication of

MMCs, a lu mi n u m (Al) is one of the most popular

m a trix m a terial s because of it s low densi ty , good

co r rosion resistance a nd s t re ngt heni ng ca pa bi lity' "?".
Aluminum m a t ri x co m posites (AMCs) a re u tili zed

in a wide range of components for adva nce d m anu

facturin g. It w as reported that fue l cons u m pt ion ,

po ll u ti on, an d ove rall w eight in ai rcraf t a nd a u tomo

b il es ca n be reduced by using AMCs in m any engine

block a nd frame a pplicationsl'v ' ",

A MCs ca n be reinforced by ceramic particl es

s uc h as SiC, sio., Al z0 3 , BN, HIC , WC, TiC, and

AI N , or whiske rs and fib er s of various ty pes. Among

these ceramics , SiC and A l, 0 3 are widely emplo ye d

in t ri bo log ica l applicat io n s because they p rovid e s u

perior hardnes s for improving the w ear resistance of
fin al products[8-12J.

A MCs ca n be fab ricat ed by cast ing , po wder

m etall ur gy , sinte ring , friction stir processing (FSP),

a nd sp ray co- de posit ion m ethods[13-16J. FSP m ethod

is bas ed on fr iction s t ir w elding an d w as e xplai ne d in

R ef s. [ 17-20 J in detail. The most important FSP pa

rame ters a re sh o ulde r dimension, pin shape a nd di

m ension, t il t ang le , tool ro ta tional speed an d t ra v

erse s peed , an d the number of pas ses[ZIJ . The di s tri

bution of particles ca n be im p ro ved by ri s ing the ro 

tational s pe ed a nd decr easin g the travel s peed , but

the increas e in tool travel speed may lead to a lower heat

input and premature mi cro s t ru ctu res in the h ea t- af

fected a nd therm o- mechanica l-affected zo ne s [ZzJ.

M ahmoud et a l. [23J investigated the effe ct of the

too l pin profile on the di s tribu tion of particl es , an d

repor ted tha t SiC particl es were di s tribu ted more

homogeneousl y in Al using a square probe too l in

s t ead of circ u la r o r t r ia ngle p ro be tools. A l/TiBz
co m posites w ere fabricated by using sq ua re an d h ex

agon pi n geometry, a nd the b es t m echanical p roper

ti es w ere o btaine d by usin g a s t raig h t square tool pin

profile , which co n t r ibu ted to the uniform distribu

t ion of T ib, [ z1] . A356 and AA6 061 allo ys w ere wel

ded using various pin s hapes w ith different tool
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sho ulder diamet ers. It was repor ted that under t he

same experimental condit ion, h igher tensi le strength

was obtained with the hexagona l pin w ith a shoulder

dia m eter of 15 mm[25] . MMCs can be processed by

one or m ore passes and different ti lt angles. Besides,

the effects of pass n umbers and t ilt angles on t he

mechanica l prop er t ies of composites were clearly

emphasized in Ref s. [26-28].
It is w ell k now n that the ten sile and w ea r prop

er t ie s of co mposi tes fa bricat ed by fric tion s tir pro 

cessing m ethod are affec ted by a n u mber of fac tors

like the tool! pin geometry, processing parameters

and ra tio , as we ll as size and type of reinforcements.

T h us , it is impor ta n t to selec t the op ti m u m type and

vo lu m e fraction of r einforcements and processing pa

rameters. T he m ain a im of this work was to research

the in fluences of vo lu me fr actions of reinfo rcements

and F SP pa ra m eters on the w ear vo lu m e loss of

606 1-T6 based hybrid composites (AM HCs) , and to

predict t hei r w ea r vo lu m e loss by us in g t he derived

form ul a tion .

1 Experimental

1. 1 Materials
In this s t udy, the 606 1-T6, p ure copper (Cu ) ,

6082 , 6630, and 1050- I-I24 were tagged as 1, 2, 3,
4 , and 5, respectively. T he chemical com posit ions of

these m aterial s a re pres ented in T able 1.

Table 1 Compositions of experimental materials mass ?/,

Material Mg S' Cu Zn T i Mn Cr C Ph Fe Al. 1

6061-T6 0. 85 O. 68 0. 22 0.07 0.05 O. 32 0. 06 0 0 O. 10 Balance

Copper 0 0 99. 90 0.036 0 0 0 0.0 11 0.005 0 0

6082 O. 78 1. 06 0.09 0.0 6 0.01 0. 55 0.03 0 0 0. 21 Balan ce

6630 0. 31 O. 70 0. 03 0.06 0.02 0. 03 0. 01 0 0 O. 36 Balanc e

1050-1-121 0.05 O. 25 0. 05 0.07 0.05 0. 05 0. 01 0 0 O. 1 Balance

T he vo lume fract ions and rat ios ( for in s tance ,

S iC/Cr> of re in forcements were estimated separately.

A ll param et ers w ere normal ized in the range of O. 05
to O. 95 using Eq. (5):

ep normalized = a X ep +b ( 5)

whe re, ep represen ts the variables used in the model;

and a and b are correspondent and calcu lated normaliza-

(1)

(4)w = 
r s

Ag

Vr' = A X I 00
p

A g= W gO' rl ( 2)

A p=D pL p (3)

w here, Vr, is the reinfor cemen t vo lu m e fraction; A g

is the groove area; A p is the tool pin proj ec ted area;

W g is the widt h of groove; O' rl is the de pth of groove;

D p is the diameter of pi n , mm ; an d L p is the len g th

of pi n.

The in put da ta for the m a t ri x w ere vo lu m e fr ac

t ions of SiC, Cr (graphite), A12 0 3 , TiC and B1 C,

siz e of rein forcemen t (S, f-l- m); the theoret ical vo l

ume fract ion of reinforcements (V, vo l. % ) , tool ro 

tational speed (r l' r • m in - I ) , too l t raver se speed

(r 2' r • min - I), tilt angle (8), distance from FSP

cen ter line of pin (/) 1)' the n umber of passes (P 2)'

sliding dis tance (s), and load Cl ), T he ou tp ut varia

bl e was w ear vo lu m e loss. W ear ra tes (w" mrn" ) of

these co mposites w ere es t im a te d by Eq. (4) :

V

Groove filled with
reinforcement

Fig. 1 Schematic illustration of FSP method

1.2 Methods
Fig. 1 shows the schematic view of the FSP tool

and grooved plate used in this s t udy. A groove wi t h

a given siz e was ac umi na t ed on the pla te, and rei n

forcem en ts were packed in to the grooves properly.

T he diff eren t composite st ructures were m an uf ac

tured us ing a ha rdened tool. It was observed that the

tool pin profi le , tool ro tat ional and t raverse speeds

grea tly affec ted the microstructures and m ech anical

properties of t he co m posites. T he used 102 sets of

data w ere divided into t rainin g and tes ting sets. The

84 sets and 18 sets of da ta , w hic h were selected ran

domly, were the training and testing data, respec

tively. T he re inforcement vo lume fractions were ca l

cu lated b y the foll owing eq uations:
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where, i m ax and i m in are the m a ximum and rrumrn um

values of correspondent varia b les , res pect ive ly .

T he in fl uenc es of vo lum e frac tions of reinforce-

tion coefficients, respectively, as given in Eq , (6 ) :

O. 90
a = . . , b = O. 95 - a • i ma x

l max -Z min
( 6)

m en ts and processing parameters of F SP on the wea r

volume loss of the co mposi tes can be clearly seen in

T able 2. The op ti mal volume fraction of SiC/ A l, 0 3 ,

fo r example, on the we ar vo lume loss of 1050-H24

alloys which is carried out acco rding to ASTMG190
15 was 50 / 50 vo l. % [ Z9-34J .

Table 2 Maximum and minimum values of reinforcements . FSP processing parameters and wear volume loss

Mate rial
SiCI A 12() 31 Grl T iCI 8 4CI S I V I dl r 1l r21 01 p 1l sl I I wi

Sou rce
vol. % vol. % vol. % vol. % vol. % vol. % (' )

P2
I,m mm ( r · m in r t X r > m in - I ) m m km N mm-

Ref. [ 29J 66.6 7 0 33.33 0 20 2 1. 43 24 900 40 2. 5 I. 00 40 I. 39

66.67 0 3:3 .3 :3 0 20 2 1. 4:3 24 1 400 40 2. 5 5.00 40 6. :32

66.67 :l:l.:3 :3 0 0 20 2 1. 4:3 24 900 40 2. 5 I. 00 40 2.25

66. 67 33.33 0 0 20 2 1. 43 24 I 400 40 2. 5 5. 00 40 5.40

Rd . [:30J 0 0 0 0 0 0 0 0 0 0 0 0.85 40 6. 60

66.67 0 3:3.3 :3 0 20 32 . 14 24 900 40 2. 5 2 0.85 40 I. 8 1

66.6 7 0 33.33 0 20 32 . 14 24 900 40 2. 5 2 7.70 40 22.35

66.67 :l:l.:3 :3 0 0 0 20 32 . 14 24 900 40 2. 5 2 0.70 40 3. 62

66.67 :l:l.:3 :3 0 0 0 20 32 . 14 24 900 40 2. 5 2 6.50 40 25. 36

Ref. [ 3 1J 0 0 0 0 100 4 11. 67 20 800 40 0 0 3.00 30 I. 57

0 0 0 0 100 4 11. 67 20 1 200 40 0 0 3.00 30 2. 3:3

Rd . [32 J 0 0 0 0 0 0 0.00 18 1 200 60 0 0 2. 50 25 6. 60

0 0 0 100 0 2 24.24 18 1 200 60 0 0 2. 50 25 O. 79

Rd . [3:3J 0 0 0 0 0 0 0.00 18 1 600 60 0 0 2. 50 20 2. 26

0 0 0 100 0 2 7. 90 18 1 600 60 0 0 2. 50 20 0.87

0 0 0 0 100 3 7. 90 18 1 600 60 0 0 2. 50 20 I. 48

Rd. [:34J 0 0 0 0 0 0 0 14 1 500 100 :3 0 3. 14 2 I. 20

100 0 0 0 0 I. 25 27.2 7 14 1 500 100 :3 0 3. 14 2 o. :35

0 100 0 0 0 I. 25 27.27 14 1 500 100 3 0 3. 14 10 3.32

Note : d - Shoulder dimension.

Table 3 gi ves the m a xim um and mrmmum val- values com pared to a lumin um all oys. In orde r to fix

ues of the param ete rs as we ll as the ca lc ula ted nor- the opti m al model a rch itec tu re , various ne uron n um -

m al izat ion coefficien ts. T he r ein forcements and their ber s (14 -18 ) in a hidden layer w ere used . In order

properti es were also list ed in Tabl e 4. It is clearly seen to det ermin e the perfo r manc e of the model , the corr e-

that all the used rein forcements have higher den sit y lation coefficient (R ) was used , and as er ro r-e va lua t ion

Table 3 Variables used for model and normalization coefficient of input and output parameters

Range Norm al iza tion coefficient
Vari able s

Max imu m Minimum a b

Input Mat cria l code 5. 00 1. 00 0. 225 - 0. 175

SiC/ vol. % 100. 00 a 0.009 0.05

Al,03/ V O!. % 100. 00 a 0. 009 0.05

Gr /vol. % 33. 33 a o. 027 002 7 0. 05

T iC/va!' % 100. 00 a 0. 009 0.05

B4 C/ vo!' % 100. 00 a 0.009 0.05

S /p. m 20. 00 a 0.01 5 0.05

V i vo!. % 32. 11 a 0.028 0.05

d /mm 21. 00 a o. 037 5 0.05

r l /Cr ' min - I ) 1600. 00 a o. 000 562 5 0.05

r ,jCr ' min - l) 100. 00 a 0.009 0.05

a/CO) 3. 00 a o. 3 0.05

p dmm 2. 00 a o. 15 0.05

P 2 3. 00 a o. 3 0.05

s / km 7. 70 O. 70 0. 128 5711 29 - 0. 01

I / N 10. 00 2. 00 O. 023681 211 O. 002 6315 79

Outp ut w /m m 3 88. 20 O. 35 o. a la 211 735 O. 016111 313
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Table 4 Reinforcements and corresponding properties

Reinforcem ent SiC AI, 0 3 Gr TiC B4 C

Size/urn 20 20 20 2 1

Dcn sity / t g > cm - 3 ) 3. 166 3. 75 2. 09 5. 21 2. 52

cri teria, m ean absolute percen tage error (MAPE) ,

m ean square error (MSE ) and mean absolute error

(MAE) were ut ilized. R , MAPE, MSE and M AE

equat ions have been freque ntly wielded in other
work s[35.36J.

2 Results and Discussion

2. 1 Selection of optimum model structure
Fig. 2 (a) shows the macrograph of 57 54- H 22/

C NT s urface composite fab ri ca ted via FSP m ethod.

T here are no visab le cracks, voi ds and ot her defects

on the surface of the composi tes . Fig. 2 (b) also re

vea ls the m icro str uct ure of 5083 / CN T / Ce O z co m 

posit e surface taken from t he referencei' ' ". It is

cle a rly seen that the reinforcement materials are

hom ogeneousl y distrib uted in the microstructures of

the composi tes .

Table 5 w hic h em ploys t he normalized t rain ing

and test ing da ta sets, provid es sta tis tica lly the in flu-
Fig. 2 Macrogra ph (a) and microstructure

( b) of FSP composite

Ta ble 5 Stati stic al parameters of present model

Stati s tic al Ne ur on nu mb er

pa rameter 11 15 16 17 18

Training MSE 0.000 157 313 0.0000860 17 O. 00001 1008 0.0000 19 775 O. 000062 868

R O. 996 698 261 O. 998 2555 86 O. 99901 7 157 O. 9995 11 687 0. 9981 920 18

MAE 0.006177 375 0.00188 1175 O. 003 729 263 O. 002 5361 07 O. 005032 335

T esting MSE 0.000 122 685 0.000071 367 O. 0000 670 26 O. 0000 82 261 O. 000098010

R O. 999 585960 0.999151316 O. 999 560063 0.9998 19908 0. 999 371 151

MAE 0.006 956 107 0.00 6 206111 0.005 715 691 0.005192 177 O. 00 6 705 726

Experim enta l .../111111'·

Fig. 3 Correlations of estimated and experimental

wear volum e loss for t ra ining set

tha t the proposed model and tes t results have excel 

len t co rrela tions and are in good agreem ent[39J.

100

Jf=O.!l!lS S100

~5 80

~ C>O
O!
S
.S
~
t.J 20

0

ences of n u m bers of neuron in. It is cl ear t ha t t he op 

t imum r es ults w ere o btained wi th 17 neurons , and

16-1 7-1 ratio is t he op ti m um m od el architec ture fo r

this research. T he R , MAE and MSE va lues of the

t raining and testing sets fo r the 16 -17 - 1 model a r e

O. 9995 and o. 9998, O. 002 and O. 00 5 , as w ell as

O. 00002 and O. 00008, respect ivel y. Results shows

that t he performance of the m od el is significantly
h igh and reli ab le[38J.

Fi g s. 3 and 4 ill us t ra te the corre lat ion of experi

m ental and calcula ted res ults. According to the test

results, it is obvious that R 2 va lu es of the t rain ing

and t estin g sets are O. 9988 and O. 99 5 3, resp ec tive

ly. T he h igh R Z va lue (R Z = 1 ) m eans that a ll data

spots a lign comple tely on the curve , w hich indica tes
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Fig. 4 Correlations of estimated and experimental

wear volume loss for testing set

2. 2 Formulation of model
T he main a im of t he work was to study t he

effe ct s of reinforc em en t vo lu m e fractions and pro

cessing param eters of FSP on the wear vo lum e loss

(w, mrn") of 6061 -T6 based hybrid composites, and

then derive math ematicall y an equation. Eq, (7 ) gives

the exp lic it fo rmula t ion of the we ar vo lume loss as a

func tion of inpu t variab les .

w =[ (l +e-z ) - 1-0. 0464 14 34 3J /0. 010244735 (7)

21

C':= 15
E

'"£
"t:
OJ !J

".5
17.
~

3

() 3 6 !J 12 15

Experimen ta l \I' / IIU II "

18 21

w here,

Z = U I + u z + U 3 + U j + u s + U 6 + U 7 + u s + U g +

U 10+U II +U IZ +U 13+U 14 +U IS +U 16 +
U 17- 0. 201 75.

T he " u" va lues are:

U I 1. 30
U z 1. 50
U 3 - 5. 87
U 4 2.71
U s 1. 74

U 6 1. 92

U 7 - }. 54

U s

= [ 1 +

1
e - w J .

- 3. 58

U g - 2. 63

U IO 2.41

U ll O. 64

U I Z O. 77

U I3 3. 22

U I4
O. 34

U I S
- 0. 98

U 16
- 0. 11

2. 41
U l7

2. 3 Parametric studies
The effects of the vo lume fr actions of re in fo rce 

ments and FSP param eter s on the we ar vo lume loss

of 606 1-T6 hybrid composi tes were investigated using

Eq. (7). Table 6 gives a ll the experime ntal result s and

analysis data obtained under differen t expe r imen ta l

co ndi tions. Fig. 5 shows the effect s of Gr and TiC

co n tents on the wear vo lum e loss of 606 1-T6 A MCs.

I t is cle ar that the we ar vo lu me loss of the com posite

- 1. 19- 0. 21- 0. 61+ 0. 13- 0. 07- 1. 07-0. 71-0. 75-0. 11+ 0. 05+ 0. 59- 0. 58+ 0. 01- 0. 60- 0. 08 + 0. 37 - 0. 19

- 0. 65-0. 21-0. 22- 0. 27+ 0. 16- 0. 11-0. 57- 0. 87- 0. 89 - 0. 13 + 0. 02- 1. 23+ 0. 16- 0. 13+1. 052-0.1 - 1. 20

0. 76-0. 36-0. 72 + 3. 7+0. 57+0. 71+ 0. 37- 0. 29+0. 18+ 0. 50- 0. 65+ 0. 16- 1. 09-0. 13- 8.00+1 . 13 5.01

- 0. 26+ 0. 06-0.12- 1. 80 +0.17 - 0. 90-0. 52- 0. 91-0. 20- 0. 82 + 0.10-0. 91- 0.11 +0. 03+ 2. 91+0. 25 - 0. 71

X
5

- 0. 51-0. 11-0. 18- 1. 22 + 0. 02-0. 59- 1. 25- 0. 18 - 0. 59- 0. 93 - 0. 11- 0. 36+ 0. 09- 0. 56+1. 99 - 0.16 - 0. 66

X , - 0. 53+ 0. 80+ 0. 27- 0. 07- 0. 19+ 0. 75+ 0. 01-0. 53- 0. 19+ 0. 01 + 1. 01-0. 20+ 0. 01-0. 61- 0. 36+ 0. 93 0.13

- 0. 52+ 0. 21-0. 15+ 0. 60- 0.11 + 0. 31 + 0. 10+ 1. 02-0. 33- 1. 65- 0. 33-0. 38+ 0. 19- 0. 62- 0. 31- 0. 73 - 0. 05
X7

1. 21+ 0. 11+ 0. 12- 0. 70- 0. 80- 1. 15-0. 67+ 1. 62- 0. 19- 0. 10- 0. 50- 1. 00 + 1. 35-0. 10-1. 11-2. 70 1. 31
Xg

+ 0. 05 • - 0. 06- 0. 10 - 0. 71+ 1. 30- 0. 99+ 0. 10- 1. 50- 1. 71+ 1. 77+ 0. 62- 0. 36 + 0. 66- 2. 21 - 0. 33- 2. 21 - 1. 06 + 1. 02

x, + 0. 51+ 0. 65+0. 07+ 1. 21 + 0.10+ 0. 38 - 0. 26+ 0. 31+ 0.11 + 0. 13 + 0. 69 + 0. 09+ 1. 28+ 0. 18- 3. 39 - 0. 23 - 0. 33

+ 0. 32+ 0. 19+0. 02+0. 29+ 0. 26- 0. 33+ 0. 10+ 0. 20+ 0. 55- 0. 25+ 0. 11- 0. 23- 0. 29- 0.11 -1. 10+0. 02 - 0. 02

- 0. 25+ 0. 26+ 0. 50 + 0. 36- 0. 08+ 0. 31 + 0. 75+ 0. 13+ 0. 82+ 0. 71 + 0. 60+ 0.11 +1. 03+0. 51+ 0. 19+0. 91 - 0. 69

- 1. 01- 0. 60 + 0. 12 + 2. 00- 0. 35- 1. 09- 2. 82+ 0. 31- 2. 21 + 1. 18 + 1. 19-0. 23+ 0. 99-0. 19 +3. 83 +0. 63 - 2. 37

- 0. 12+ 0. 01+ 0. 11 + 0. 36+ 0. 18+ 0. 50+ 0. 77- 0. 33+ 0. 57+ 0. 32+0. 01+ 0. 59+0. 05+ 0. 06- 0. 97+ 0. 01 - 0. 11

0.05+0. 22+0.15 + 1. 15- 0. 19- 0. 08+ 0. 79+ 0. 16+ 0. 63+ 1. 00+0. 08+0. 38 - 0. 60+ 0. 71-1. 38+ 0. 77 1. 07

- 0.10- 0. 16-0. 26+ 0.10+ 0. 03-0. 52- 0. 31-0.16- 0. 56+ 0. 23- 0.17 - 0. 31+0. 21- 0.17 - 0. 18- 0. 01 - 0. 07

- 0. 10+ 0. 11-0. 11-0. 23+ 0. 38+ 0. 31 + 0. 36- 0. 17+ 0. 86+ 1. 93 + 0. 96+0. 83-0. 85+0. 18 - 2. 75+0. 99 - 0. 75

w here X I ' X z ' X 3 ' X 4 , X S ' X 6 ' X 7 ' X S ' X 9 , wi t h t he correla tio ns and prod uc ed data. It ca n be fi-

X 10 ' X I I ' X 12 ' X 13 ' X 14 ' X IS ' and X 16 are the nor- nali zed that the wear vo lu me loss of the co mposites
m al ized inp ut data of m aterial codes, SiC , A lz0 3, can be ca lcu lated with 87 .16 % accuracy using the

G r, TiC, B4C, siz e of reinforcem ent, vo lu m e frac- proposed eq ua tio n in this s tudy.

t ion of reinforcem en t , shoulder di m ensio n , tool ro-

tat ional speed, tool t raverse speed, t ilt angle, d is 

tance fro m FSP cen ter lin e of pin , pass n umber ,

sliding distance, and load, respec tively.

I t is im por tan t that the proposed form ul a tion is

valid for the given ranges in T ab le 3. T he R value

and MAPE of the for m ula tion and exper ime n ta l re

sults ( un- norm al ized results) for the test ing sets a re

O. 999 and 12. 84 , res pectively. The R va lu e demon

strates that the test results a re in good ag reem en t



1124 Journal of Iron and Steel Research , International Vol. 23

Table 6 FSP parameters of 6061-1'6 aluminum alloy used in present study

Material Gr/vol. % TiClvol. % S I/Lm V lvol. % d lmm rl / ( r ' min - I) r z/ ( r ' min - I) 01(') P l / m m P, s / km Ill"

606 1-T6 o o 20 5 14 900 40 2. 5 o 1. 00 20

7.73.0 4.0 5.0 6.0 7.0
Sliding distance/krn

2.01.0

Fig. 7 Effects of sliding distance on wear

volume loss of 6061-1'6 AMHCs

14

.£

'" 2§
"0
;::.

DAD.....-------------------,

° LL_ --l._ ---l'--------'L-_ .l..-_ ..L..-_ ....L..-_ --I...J

5 10 15 20 25 30 32
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Fig. 6 Effects of volume fr actions of reinforcements on

wear volume loss of 6061-1'6 AMHCs
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a so lid lubricant eff ect in va rio us m atr ix m at er i

als [44]. F ig. 7 demonstrat es the effe ct of s liding dis 

tance on the w ear vo lume loss of 606 1-T6 AM HCs.

A fter analyzing the va lues in the graph ic, it is clear

that the amount of wear co nsiderably increased with

inc reasing sliding dis tance. A m aximum sliding dis 

tance of wear was abo ut 7.7 krn , w hic h is sign ifi 

can tly higher t ha n t hose of o t her tes t s.

~ ~ ~
'#. 8 '#.
g: 00 &5
+ + +

C5 C5 C5
~ 8 fa
"" "" .....

Reinforcement

was considera bly reduced wi t h the addi tio n of TiC

parti cles. T he decrease in vo lum e loss of 606 1-T6

A MCs ca n be a ttri b uted to t he s t re ngt heni ng m ech a 

nism s of work hardening , Orowan strengt hening,

grain size an d shape changes, an d quench hard en ing

locall y and/or glo ba lly in the s t r ucture' V" . As ca n be

seen, t he di sl ocations m ainly in te ract wi th each oth 

er and rest r ict the m ov ement of ot her disl ocat ions in 

to the composite struct ures. Thus , disl oca t ion densi

ty increases, enhancing the m ech ani cal p roper t ies of

m etals and alloys. Reinforcements a re uniformly dis

t r ibuted, so t hat load ca n be t rans ferred fro m t he

low st rengt h mat r ix to the s trong reinforcemen t m a

te r ia ls, such as C NT , ZrO , and T iC. In F SPed m et

als, g ra in size refinement was observed , and in ter

m etall ics in the m icro st ruct ure w ere a lso splin tered

and dis t ri buted in to the m atr ix due to the FSP

process. The high thermal expansion m ismat ch be 

tween the matrix and the reinforcements may cause

so me changes of the m ech an ical p roper ty as we ll[n] .

Fig. 5 Effe cts of Gr and TiC contents on wear

volume loss of 6061-T6 /Gr/TiC AMHCs

Fig. 6 shows the in fl uences of the volume frac

tions of 100% TiC, as well as 5 % Gr+95% Ti C on the

w ea r vo lu m e loss of 606 1-T6 AM HCs. It was ob

served that the wear vo lume loss decreased wi t h in 

creasing vo lume fraction s of the reinforce ments. This is

pro ba bly d ue to the high hardness of T iC ( about

2900 HV ) compare d to o t her inclus ions. It was pre

vious ly rep or ted that the ha rd ceramic particles in

the m icrost ructure of A l m atrix m at er ial s co uld en

hance the hardness and w ear r es is tance of these m a

te r ia ls d ras ti call y[42,43]. Addi ti on all y, the so lid lub ri

can t effe ct plays an importa n t ro le in improving wea r

res istance. Note tha t TiC pa rticles are know n to have

Fi g s. 8 and 9 ill us t ra te the effects of too l trav

erse and rotat iona l speeds on the wear vo lume loss of

606 1-T6 A M HCs, res pect ivel y. It was obs erved tha t

an inc rease in t he tool rota t ional speed en hanc ed the

wear vo lume loss. This can be du e to the so ftening of

the m atri x an d m ore surface interactions w it h in

creasing rotational speeds. I t is known that increas

ing the ro ta tional speed increases the heat ge nera

t ion , hereby , the prod uc ed h igh heat ind uc es m atr ix

so ftening, which res ults in red uced wear resistance

of a lu m inum matrix compositesli '" . T he wear vo l

ume loss was also confirmed to ri se wit h incr easing

tool traver se speeds. The homogen eou s distribution

of parti cles , impuri ti es, voi ds , surface o xida tio ns ,

cracks, as w ell as h igh and low heat inpu ts d uring
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5%Gr+!l5%TiC

Code of reinforcement

Fig. 10 Effects of complex reinforcements on wear

volum e loss of 6061-T6/ SiC/ TiC/ AI, 0 , AMHCs

~E

~ 0.45

.s
OJ 0.35a
.E
0
:> 0.25

A B C D E F

Conclusion
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m atrix co mposi tes. T he bond s trength at interface of

the m atrix and re in forcement, type and homogene

ous distribut ion of reinfo rcem en ts, su rf ace morphol

ogies and oxidations, as w ell as the processing pa 

rameters of FSP in fl uenc e t he w ear resistanc e of

co m posi tes fab rica ted by FSP tec hniqu e' P' ", It is very

difficu lt to detect the infl uences of all facto rs on the

wear vo lume loss of the composites, so detai led

works are required to m en t ion these h ypotheses.

3

" 0..15
E
~ 0..10
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Fig. 8 Effects of tool rota tiona l speed on wear

volume loss of 6061-1'6 AM HCs
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fr ict ion s ti r processing can m ainly affect t he m echan

ica l and wear properties of composites[46-48J . Decrease

in the wear vo lume loss with in creasing tool traverse

speed can be due to t he low er h ea t genera tion. It was

s tated that t he av erage g rain siz e of co mposites pro

duced by the FSP method m ay adverse ly affec t t he

mechanica l properties of the s ubstrates'<' ". The low

er wear vo lume loss was gotten under the optimal

co ndition of tool rotat ional and t raverse speeds of

900 r /min and 40 mm/ m in, respec tively.

1.0
"

.~
~

0.8

.£ 0.6
OJ

§ 0..1

~
50 GO 70 80 00 100
Tool traverse spcedz(r-mirr ')

Fig. 9 Effect s of tool traverse speed on wear

volume loss of 6061-1'6 AMHCs

Fig. 10 shows the influences of complex rein force

ments on the volume loss of 6061 -T6 A MCs. T h e fol

lowing ra tios of 50 % SiC + 50 % T iC, 50 % SiC +

25 % TiC + 25 % A lz0 3 , 50 % SiC + 50 % A lz0 3 ,

25 % SiC+50 % TiC +25 % A lz0 3 , 25 % SiC +25 %

TiC+50 % A lz 0 3 , and 50 % T iC + 50 % A lz 0 3 w ere

la bel ed as A, B, C, D, E , and F, res pect ivel y.

T hese inclusions w ere all ha rd and brittle for wea r

app lications. The results demonstrated that the wear

vo lu m e los s of t he 606 1-T6 hybr id co mposite wi t h

50 % T iC + 50 % A lz0 3 was significantly low er than

those of the other composites. This might be due to

the solid lub ri can t effects of T iC and Al , 0 3 , i. e. ,

h igh ha rdn ess of TiC, as well as the load supporting

effe ct of A l, C\ [34J . T h e A lz0 3 particles avoided di

rect m etal -to- m etal co n tact and served as a so lid lu 

bri can t or ro lling objects. As stated earl ier, T iC par

ticles could also act as a so lid lubri can t . T hese

effe ct s substantially red uc ed the coefficient va lu es of

fric tion and increased the w ear resistanc e of the A l

T he w ear resistances of 606 1-T6 based co mpos

ites decreased with increasing the traverse and rota

t ional speeds of too l. The optimum complex reinforce

ment volume fractions in 606 1-T6 based AM HCs

were determined us ing the 50 % TiC + 50 % A l, 0 3
inclusions fo r be tt er wear resistance. T he designed

and analyz ed explicit for m ula tion of 16-1 7-1 ra tio

w h ich was the optimal model arch itecture was stud

ied, and the test ing phase results provided that the

proposed formulation exhibite d a high relia bi li ty

w here a ll R and R z va lu es are larger than O. 99 and

can be us ed genera lizing t he rel at ionship between in

p u t and output parameters. T h e resu l ts also demo n

strated that the wear vo lume loss of the h yb ri d com

posi tes was calcula ted with an accuracy of 87. 16 %

with the derived formu lat ion.
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