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Abstract: Elfccts of [riction stir processing (FSP) paramcters and rcinforcements on the wear behavior of 6061-T6

based hybrid composites were investigated. A mathematical formulation was derived to calculate the wear volume

loss of the composites. The experimental results were contrasted with the results of the proposed model. The influ-

cnces of sliding distance, tool traversc and rotational speeds, as well as graphite (Gr) and titanium carbide (TiC)

volume [ractions on the wear volume loss of the composites were also investigated using the prepared [ormulation.

The results demonstrated that the wear volume loss of the composites significantly increased with increasing sliding

distance, tool traverse speed, and rotational speed; while the wear volume loss decreased with increasing volume

fraction of the rcinforcements. A minimum wecar volume loss for the hybrid composites with complex reinforcements

was specified at the inclusion ratio of 50% TiC+50% Al, Os because of improved lubricant ability, as well as resist-

ance to brittleness and wear. New possibilities to develop wear-resistant aluminum-based composites for different in-

dustrial applications were proposed.
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Metal matrix composites (MMCs) are widely used
in aerospace, automobile, military, and biomedical ap-
plications because of their high specific strength and
considerably low density. In the fabrication of
MMCs, aluminum (Al) is one of the most popular
matrix materials because of its low density, good
corrosion resistance and strengthening capability™,
Aluminum matrix composites (AMCs) are utilized
in a wide range of components for advanced manu-
facturing. It was reported that fuel consumption,
pollution, and overall weight in aircraft and automo-
biles can be reduced by using AMCs in many engine
block and frame applications'®"".

AMCs can be reinforced by ceramic particles
such as SiC, Si0,, ALO,, BN, B,C, WC, TiC, and
AIN, or whiskers and fibers of various types. Among
these ceramics, SiC and Al, Q; are widely employed
in tribological applications because they provide su-
perior hardness for improving the wear resistance of
final productst*4,

AMCs can be fabricated by casting, powder
metallurgy, sintering, friction stir processing (FSP),
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and spray co-deposition methods' %', FSP method
is based on friction stir welding and was explained in
Refs. [17-20] in detail. The most important FSP pa-
rameters are shoulder dimension, pin shape and di-
mension, tilt angle, tool rotational speed and trav-
erse speed, and the number of passes' 2!, The distri-
bution of particles can be improved by rising the ro-
tational speed and decreasing the travel speed, but
the increase in tool travel speed may lead to a lower heat
input and premature microstructures in the heat-af-
fected and thermo-mechanical-affected zones'#!.
Mahmoud et al. 1 investigated the effect of the
tool pin profile on the distribution of particles, and
reported that SiC particles were distributed more
homogeneously in Al using a square probe tool in-
stead of circular or triangle probe tools. Al/TiB,
composites were fabricated by using square and hex-
agon pin geometry, and the best mechanical proper-
ties were obtained by using a straight square tool pin
profile, which contributed to the uniform distribu-
tion of TiB,'?"'. A356 and AA6061 alloys were wel-

ded using various pin shapes with different tool
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shoulder diameters. It was reported that under the
same experimental condition, higher tensile strength
was obtained with the hexagonal pin with a shoulder
diameter of 15 mmM”. MMCs can be processed by
one or more passes and different tilt angles. Besides,
the effects of pass numbers and tilt angles on the
mechanical properties of composites were clearly
emphasized in Refs. [26-287].

It is well known that the tensile and wear prop-
erties of composites fabricated by friction stir pro-
cessing method are affected by a number of factors
like the tool/pin geometry, processing parameters
and ratio, as well as size and type of reinforcements.

Thus, it is important to select the optimum type and

volume fraction of reinforcements and processing pa-
rameters. The main aim of this work was to research
the influences of volume fractions of reinforcements
and FSP parameters on the wear volume loss of
6061-T6 based hybrid composites (AMHCs), and to
predict their wear volume loss by using the derived
formulation.

1 Experimental

1.1 Materials

In this study, the 6061-T6, pure copper (Cu),
6082, 6630, and 1050-H24 were tagged as 1, 2, 3,
4, and 5, respectively. The chemical compositions of
these materials are presented in Table 1.

Table 1 Compositions of experimental materials mass %)
Material Mg Si Cu Zn Ti Mn Cr C Ph Fe Al
6061-T6  0.85  0.68  0.22  0.07 0.05 0.32  0.06 0 0 0.10  Balance
Copper 0 0 99.90  0.036 0 0 0 0.014  0.005 0 0
6082 0.78 1. 06 0.09 0. 06 0.01 0.55 0.03 0 0 0.21 Balance
6630 0.31  0.70 0.03 0.06 0.02 0.03 0.0l 0 0 0.36  Balance
1050-H24  0.05  0.25  0.05  0.07  0.05 0.05 0.0l 0 0 0.4  Balance
1.2 Methods A,
Fig. 1 shows the schematic view of the FSP tool Vk:Aip X100 D
and grooved plate used in this study. A groove with A, =W, (2
a given size was acuminated on the plate, and rein- A,=D,L, €D

forcements were packed into the grooves properly.
The different composite structures were manufac-
tured using a hardened tool. It was observed that the
tool pin profile, tool rotational and traverse speeds
greatly affected the microstructures and mechanical
properties of the composites. The used 102 sets of
data were divided into training and testing sets. The
84 sets and 18 sets of data, which were selected ran-
domly, were the training and testing data, respec-
tively. The reinforcement volume fractions were cal-

culated by the following equations:

Tnt!l\\ p—

Groove filled with
reinforcement

FSPed
('f)rﬂi‘lﬂsi! e

Fig. 1 Schematic illustration of FSP method

where, V, is the reinforcement volume fraction; A,
is the groove area; A, is the tool pin projected area;
W, is the width of groove; &, is the depth of groove;
D, is the diameter of pin, mm; and L, is the length
of pin.

The input data for the matrix were volume frac-
tions of SiC, Gr (graphite), Al,O,, TiC and B,C,
size of reinforcement (S, um); the theoretical vol-
ume fraction of reinforcements (V, vol. %), tool ro-
tational speed (r;, r * min~'), tool traverse speed
(ry, r» min '), tilt angle (8), distance from FSP
center line of pin (p,), the number of passes (p;),
sliding distance (s), and load (/). The output varia-
ble was wear volume loss. Wear rates (w,, mm?®) of
these composites were estimated by Eq. (4):

\%

W, ="
S

4

The volume fractions and ratios (for instance,
SiC/Gr) of reinforcements were estimated separately.
All parameters were normalized in the range of 0. 05
to 0. 95 using Eq. (5):

D ormalived —=a XDP+D (5)
where, @ represents the variables used in the model;

and a and b are correspondent and calculated normaliza-
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tion coefficients, respectively, as given in Eq. (6):
0. 90

a—-"
2

,» b=0.95—qa * (6)

L max

max L min
where, 7., and i,, are the maximum and minimum
values of correspondent variables, respectively.

The influences of volume fractions of reinforce-

ments and processing parameters of FSP on the wear
volume loss of the composites can be clearly seen in
Table 2. The optimal volume fraction of SiC/Al, O, ,
for example, on the wear volume loss of 1050-H24
alloys which is carried out according to ASTMG190-
15 was 50/50 vol. %231,

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

Source Material SIC/ Al20s/ or/ e/ B/ 5/ v/ d/ n/ re/ b/ py/ p2 s/ t w/,
vol. % wvol. % vol. % vol % wvol % pm vol. % mm (remin !Xremin 1) (") mm km N mm?3

Ref. [29] 1 66. 67 0 33.33 0 0 20 21.43 24 900 40 2.5 1 1 1. 00 40 1. 39
1 66. 67 0 33.33 0 0 20 21.43 24 1400 40 2.5 1 1 5. 00 40 6. 32

1 66. 67 33.33 0 0 0 20 21.43 24 900 40 2.5 1 1 1. 00 40 2.25

1 66. 67 33. 33 0 0 0 20 21.43 24 1 400 40 2.5 1 1 5.00 40 5. 40

Ref. [30] 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0.85 40  6.60
1 66. 67 0 33.33 0 0 20 32,14 24 900 40 2.5 2 1 0. 85 40 1. 81
1 66. 67 0 33.33 0 0 20 32.14 24 900 40 2.5 2 1 7.70 40 22.35

1 66. 67 33. 33 0 0 0 20 32.14 24 900 40 2.5 2 1 0.70 40 3.62
1 66. 67 33. 33 0 0 0 20 32.14 24 900 40 2.5 2 1 6. 50 40 25. 36

Ref. [31] 2 0 0 0 0 100 4 11.67 20 800 40 0 0 1 3.00 30  1.57
2 0 0 0 0 100 4 11. 67 20 1200 40 0 0 1 3.00 30 2.33

Ref. [32] 3 0 0 0 0 0 0 0. 00 18 1200 60 0 0 1 2.50 25 6. 60
3 0 0 0 100 0 2 24. 24 18 1200 60 0 0 1 2. 50 25 0.79

Ref. [33] 4 0 0 0 0 0 0 0. 00 18 1600 60 0 0 0 2.50 20 2. 26
4 0 0 0 100 0 2 7.90 18 1600 60 0 0 2 2.50 20 0. 87

1 0 0 0 0 100 3 7.90 18 1600 60 0 0 2 2. 50 20 1.18

Ref. [34] 5 0 0 0 0 0 0 0 14 1500 100 3 0 3 3.14 2 1. 20
5 100 0 0 0 0 1.25 27.27 14 1500 100 3 0 3 3.14 2 0. 35

5 0 100 0 0 0 1.25 27.27 141 1500 100 3 0 3 3. 14 10 3. 32

Note: d  Shoulder dimension.

Table 3 gives the maximum and minimum val-
ues of the parameters as well as the calculated nor-
malization coefficients. The reinforcements and their
properties were also listed in Table 4. It is clearly seen
that all the used reinforcements have higher density

values compared to aluminum alloys. In order to fix
the optimal model architecture, various neuron num-
bers (14— 18) in a hidden layer were used. In order
to determine the performance of the model, the corre-

lation coefficient (R) was used, and as error-evaluation

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

Range Normalization coefficient
Variahles
Maximum Minimum a b
Input Material code 5. 00 1. 00 0.225 —0.175
SiC/vol. % 100. 00 0 0. 009 0.05
Al Oy/vol. % 100. 00 0 0. 009 0.05
Gr/vol. % 33.33 0 0.0270027 0.05
TiC/vol. % 100. 00 0 0. 009 0.05
B,C/vol. % 100. 00 0 0. 009 0.05
S/pm 20. 00 0 0. 045 0.05
V/vol. % 32. 14 0 0.028 0.05
d/mm 24. 00 0 0.037 5 0.05
r1/(r+ min™1) 1600. 00 0 0.0005625 0.05
ra/(r+ min 1) 100. 00 0 0. 009 0.05
0/( 3. 00 0 0.3 0.05
1/mm 2.00 0 0.45 0.05
b2 3. 00 0 0.3 0.05
s/km 7.70 0.70 0.1285714129 —0.04
{/N 40. 00 2.00 0.023684211 0.002631579
Output w/mm? 88. 20 0.35 0.010244735 0.046414 343
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Table 4 Reinforcements and corresponding properties

Reinforcement SiC Al Os Gr TiC B,C
Size/pum 20 20 20 2 1
Density/(g « cm 3) 3.166 3.75 2.09 5.21 2.52

criteria, mean absolute percentage error (MAPE),
mean square error (MSE) and mean absolute error
(MAE) were utilized. R, MAPE, MSE and MAE
equations have been {frequently wielded in other

works-%¢7

2 Results and Discussion

2.1 Selection of optimum model structure

Fig. 2(a) shows the macrograph of 5754-H22/
CNT surface composite fabricated via FSP method.
There are no visable cracks, voids and other defects
on the surface of the composites. Fig. 2(b) also re-
veals the microstructure of 5083/CNT/CeQ, com-
posite surface taken from the reference!”'. It is
clearly seen that the reinforcement materials are
homogeneously distributed in the microstructures of
the composites.

Table 5 which employs the normalized training
and testing data sets, provides statistically the influ-

Fig. 2 Macrograph (a) and microstructure
(b) of FSP composite

Table 5 Statistical parameters of present model

Statistical

Ncuron number

parameter 141 15 16 17 18
Training MSE 0. 000157313 0. 000086017 0. 000041008 0. 000019775 0. 000062868
R 0. 996698264 0. 998255586 0. 999047 457 0. 999511687 0. 998492048
MAE 0. 006477375 0. 004881475 0. 003729263 0. 002536407 0. 005032335
Testing MSE 0. 000122685 0. 000071367 0. 000067026 0. 000082264 0. 000098040
R 0. 999585960 0. 999451 346 0. 999560063 0. 999819908 0.999374151
MAE 0. 006956 107 0. 006 206 144 0. 005715694 0. 005492177 0. 006 705726

ences of numbers of neuron in. It is clear that the op-
timum results were obtained with 17 neurons, and
16-17-1 ratio is the optimum model architecture for
this research. The R, MAE and MSE values of the
training and testing sets for the 16-17-1 model are
0.9995 and 0.9998, 0.002 and 0.005, as well as
0.00002 and 0. 00008, respectively. Results shows
that the performance of the model is significantly
high and reliable *!.

Figs. 3 and 4 illustrate the correlation of experi-
mental and calculated results. According to the test
results, it is obvious that R? values of the training
and testing sets are 0. 9988 and 0. 9953, respective-
ly. The high R? value (R? =1) means that all data

spots align completely on the curve, which indicates

that the proposed model and test results have excel-
lent correlations and are in good agreement**1.

100 | R*=0.998 8

80

60

40

Estimated w/mm®”

20

0 20 40 60 80
Experimental w/mm®

100

Fig. 3 Correlations of estimated and experimental
wear volume loss for training set
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R*=0.995 3

Estimated w/mm®

where,
g=u T u, gy tuy Tustustu; Tugtug
um“Fun+u12+u13+u“+u15+u15+
u; —0.20175.
The “u” values are:

U 1. 30
= Uz 1. 50
Us —5.87
0 3 6 9 12 15 18 21 Uy 2.71
Experimental w/mm’ Uus 1. 74
. . . . Us 1. 92
Fig. 4 Correlations of estimated and experimental
. Uy —1.54
wear volume loss for testing set
Ug 1 73- 58
2.2 Formulation of model Uy :[1+e wJ *72.63
The main aim of the work was to study the Uig 2.41
effects of reinforcement volume fractions and pro- Un 0. 64
cessing parameters of FSP on the wear volume loss Uy 0.77
(w, mm*®) of 6061-T6 based hybrid composites, and U s 3.22
then derive mathematically an equation. Eq. (7) gives Uy 0. 34
the explicit formulation of the wear volume loss as a Uis —0.98
function of input variables. Ui —0. 11
w=[(14+e =)' —0.0464143437/0. 010244735 (7) - 2. 41
(w1 wz wy wi w5 W Wy wy Wy Wio Wi Wiz Wiz Wi Wi wig wig) | =
X, —1.19—0. 21—0. 61+0. 43—0. 07— 1. 07—0. 74—0. 75—0. 11+0. 05+0. 59—0. 58+0. 01—0. 60—0. 08+0. 37 —0.49
X, —0.65—0.21—0.22—0.27+0.46—0. 44—0. 57—0. 87—0. 89—0. 43+0. 02—1. 234+0. 46 —0. 13+1. 052—0. 4 —1.20
X, 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+4. 13 5.01
x —0.26+0.06—0. 12— 1. 8040. 47—0. 90—0. 52—0. 94—0. 20—0. 82+0. 40—0. 94—0. 4440. 03+2. 94+0. 25 —0.74
4
x. —0.51—0.11—0.48—1.22+0.02—0.59—1.25—0. 18—0.59—0. 93—0. 14—0. 36 +0. 09—0. 56 +1. 99—0. 16 —0. 66
Xd —0.53+0.80+0.27—0.07—0.4940. 754+0. 01—0. 53—0. 419+0. 04+1. 04—0. 20+0. 01—0. 61—0. 36+0. 93 0.413
XG —0.52+0. 21—0. 15+0. 60—0. 1140. 34+0. 10+1. 02—0. 33—1. 65—0. 33—0. 38+0. 19—0. 62—0. 31—0. 73 —0.05
X7 1.2140. 114-0. 42—0. 70—0. 80—1. 15—0. 67+1. 62—0. 19—0. 10—0. 50— 1. 00+ 1. 35—0. 10— 4. 41—2. 70 1.31
Xé +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. 24— 0. 33— 2. 24— 1. 06 | | +|1. 02
Xg +0.51+0. 65+0.07+1.24+0. 104+0. 38—0. 26 +0. 34+0. 14+0. 413+0. 69+0. 09+ 1. 28+0. 18 —3. 39—0. 23 —0.33
X“’ +0. 3240, 494-0. 02+0. 2940. 26—0. 33-+0. 10-+0. 20-+0. 55—0. 25+0. 11—0. 23—0. 29—0. 14— 1. 1040. 02 —0.02
n —0.25+0. 26+0. 50+0. 36 —0. 08+0. 34+0. 754+0. 13+40. 82+40. 74+0. 60+0. 14+1. 03+0. 51+0. 19-+0. 91 —0.69
X1 —1.01—0. 6040. 12+2. 00—0. 35— 1. 09—2. 82-+0. 31—2. 24+1. 18+ 1. 49—0. 2340. 99—0. 49+ 3. 83+0. 63 —2.37
X3 —0.12+0.01+0. 41+0. 36+0. 1840. 50+0. 77—0. 33+0. 5740. 324+0. 01+0. 59+0. 05+0. 06 —0. 97+0. 01 —0. 11
Xu 0.05+0.22+0.45+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
X5 —0.10—0. 46—0. 26-+0. 10+0. 03—0. 52—0. 34—0. 16 —0. 56+0. 23—0. 17—0. 314-0. 24—0. 17—0. 18—0. 04 —0.07
X1 —0.40+0.11—0. 11—0. 2340. 38-+0. 34-+0. 36 —0. 47-+0. 86+1. 93+0. 96+0. 83—0. 8540. 48—2. 75-+0. 99 —0.75

where X, X, X5, Xy X5, Xe, X7y X5y X
Xiws Xius Xiys Xi3s Xiys X155 and X4 are the nor-
malized input data of material codes, SiC, Al, O,
Gr, TiC, B,C, size of reinforcement, volume frac-
tion of reinforcement, shoulder dimension, tool ro-
tational speed, tool traverse speed, tilt angle, dis-
tance from FSP center line of pin, pass number,
sliding distance, and load, respectively.

It is important that the proposed formulation is
valid for the given ranges in Table 3. The R value
and MAPE of the formulation and experimental re-
sults (un-normalized results) for the testing sets are
0.999 and 12. 84, respectively. The R value demon-
strates that the test results are in good agreement

with the correlations and produced data. It can be fi-
nalized that the wear volume loss of the composites
can be calculated with 87.16% accuracy using the
proposed equation in this study.

2.3 Parametric studies

The effects of the volume fractions of reinforce-
ments and FSP parameters on the wear volume loss
of 6061-T6 hybrid composites were investigated using
Eq. (7). Table 6 gives all the experimental results and
analysis data obtained under different experimental
conditions. Fig. 5 shows the effects of Gr and TiC
contents on the wear volume loss of 6061-T6 AMCs.
It is clear that the wear volume loss of the composite
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Table 6 FSP parameters of 6061-T6 aluminum alloy used in present study
Material ~— Gr/vol. % TiC/vol. % S/pm  V/vol. % d/mm ri/(r+ min™1) rp/(re min=') /) p1/mm p; s/km I/N
6061-T6 0 0 20 5 14 900 40 2.5 0 1 1. 00 20

was considerably reduced with the addition of TiC
particles. The decrease in volume loss of 6061-T6
AMCs can be attributed to the strengthening mecha-
nisms of work hardening, Orowan strengthening,
grain size and shape changes, and quench hardening
locally and/or globally in the structure'*®’. As can be
seen, the dislocations mainly interact with each oth-
er and restrict the movement of other dislocations in-
to the composite structures. Thus, dislocation densi-
ty increases, enhancing the mechanical properties of
metals and alloys. Reinforcements are uniformly dis-
tributed, so that load can be transferred from the
low strength matrix to the strong reinforcement ma-
terials, such as CNT, ZrO, and TiC. In FSPed met-
als, grain size refinement was observed, and inter-
metallics in the microstructure were also splintered
FSP

process. The high thermal expansion mismatch be-

and distributed into the matrix due to the

tween the matrix and the reinforcements may cause

some changes of the mechanical property as well' "',

”E 0.7
&
@ 051
2
£ 03}
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S 01l . . . . . \ X .
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5 &8 B & & & B
o & N X - =
Reinforcement

Fig. 5 Effects of Gr and TiC contents on wear
volume loss of 6061-T6/Gr/TiC AMHCs

Fig. 6 shows the influences of the volume frac-
tions of 100% TiC, as well as 5% Gr+95% TiC on the
wear volume loss of 6061-T6 AMHCs. It was ob-
served that the wear volume loss decreased with in-
creasing volume fractions of the reinforcements. This is
probably due to the high hardness of TiC (about
2900 HV) compared to other inclusions. It was pre-
viously reported that the hard ceramic particles in
the microstructure of Al matrix materials could en-
hance the hardness and wear resistance of these ma-
terials drastically'*>**'. Additionally, the solid lubri-
cant effect plays an important role in improving wear

resistance. Note that TiC particles are known to have

a solid lubricant effect in various matrix materi-
als'"!. Fig. 7 demonstrates the effect of sliding dis-
tance on the wear volume loss of 6061-T6 AMHCs.
After analyzing the values in the graphic, it is clear
that the amount of wear considerably increased with
increasing sliding distance. A maximum sliding dis-
tance of wear was about 7.7 km, which is signifi-
cantly higher than those of other tests.

0.40

0.30

5t =48 ) T
0.20 5% Gr+95% TiC

Volume loss/mm®

5 10 15 20 25 30 32
Volume fraction of reinforcement/%

Fig. 6 Effects of volume fractions of reinforcements on
wear volume loss of 6061-T6 AMHCs

100% TiC

5% Gr+95% TiC,

8]
T

Volume loss/mm®

et
1 1 1 1 1 1 1 1
1.0 2.0 3.0 40 50 6.0 7.0 ]
Sliding distance/km

Fig. 7 Effects of sliding distance on wear
volume loss of 6061-T6 AMHCs

Figs. 8 and 9 illustrate the effects of tool trav-
erse and rotational speeds on the wear volume loss of
6061-T6 AMHCs, respectively. It was observed that
an increase in the tool rotational speed enhanced the
wear volume loss. This can be due to the softening of
the matrix and more surface interactions with in-
creasing rotational speeds. It is known that increas-
ing the rotational speed increases the heat genera-
tion, hereby, the produced high heat induces matrix
softening, which results in reduced wear resistance

of aluminum matrix composites'**!.

The wear vol-
ume loss was also confirmed to rise with increasing
tool traverse speeds. The homogeneous distribution
of particles, impurities, voids, surface oxidations,

cracks, as well as high and low heat inputs during
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friction stir processing can mainly affect the mechan-

ical and wear properties of composites' '*'®!

. Decrease
in the wear volume loss with increasing tool traverse
speed can be due to the lower heat generation. It was
stated that the average grain size of composites pro-
duced by the FSP method may adversely affect the
mechanical properties of the substrates' ', The low-
er wear volume loss was gotten under the optimal
condition of tool rotational and traverse speeds of

900 r/min and 40 mm/min, respectively.

0.50

045F _
5% Gr+95% TiC [

P\ |

—
4

0.40 |
0.35 B! I

0.30 |

100% TiC

Volume loss/mm®

(.25 Il 1 L I I 1 L 1
900 1000 1100 1200 1300 1400 1500 1600
Tool rotational speed/(r-min™")

Fig. 8 Effects of tool rotational speed on wear
volume loss of 6061-16 AMHCs

1.0
T i
::: 0.8 F /'
= A Gr+05% TiC ~+
? . 5% Gr+95% Ti( ./
2 06f \ "
E 04} P N 100%TiC
= "
= 0.2k 1 1 1 L L 1
40 50 G0 70 80 80 100

Tool traverse speed/(r-min")

Fig. 9 Effects of tool traverse speed on wear
volume loss of 6061-T6 AMHCs

Fig. 10 shows the influences of complex reinforce-
ments on the volume loss of 6061-T6 AMCs. The fol-
lowing ratios of 50% SiC+50% TiC, 50% SiC+
25% TiC +25% AL O,, 50% SiC+50% Al O,
25% SiIC+50% TiC+25% AL Oz, 256% SiC+25%
TiC+50% Al,Os, and 50% TiC+50% Al O, were
labeled as A, B, C, D, E, and F, respectively.
These inclusions were all hard and brittle for wear
applications. The results demonstrated that the wear
volume loss of the 6061-T6 hybrid composite with
50% TiC+50% Al,O; was significantly lower than
those of the other composites. This might be due to
the solid lubricant effects of TiC and AL O;, i.e.,
high hardness of TiC, as well as the load supporting
effect of Al,O,P4. The Al, O, particles avoided di-
rect metal-to-metal contact and served as a solid lu-
bricant or rolling objects. As stated earlier, TiC par-
These

effects substantially reduced the coefficient values of

ticles could also act as a solid lubricant.

friction and increased the wear resistance of the Al

matrix composites. The bond strength at interface of
the matrix and reinforcement, type and homogene-
ous distribution of reinforcements, surface morphol-
ogies and oxidations, as well as the processing pa-
rameters of FSP influence the wear resistance of
composites fabricated by FSP technique' *'. It is very
difficult to detect the influences of all factors on the
wear volume loss of the composites, so detailed

works are required to mention these hypotheses.

0.55

0.45 -F

0.35

Volume loss/mm?®

025 |, 1 1 1 1
A B C D E F
Code of reinforcement

Fig. 10 Effects of complex reinforcements on wear
volume loss of 6061-T6/SiC/TiC/Al,O; AMHCs

3 Conclusion

The wear resistances of 6061-T6 based compos-
ites decreased with increasing the traverse and rota-
tional speeds of tool. The optimum complex reinforce-
ment volume fractions in 6061-T6 based AMHCs
were determined using the 50% TiC+50% Al O,
inclusions for better wear resistance. The designed
and analyzed explicit formulation of 16-17-1 ratio
which was the optimal model architecture was stud-
ied, and the testing phase results provided that the
proposed formulation exhibited a high reliability
where all R and R? values are larger than 0. 99 and
can be used generalizing the relationship between in-
put and output parameters. The results also demon-
strated that the wear volume loss of the hybrid com-
posites was calculated with an accuracy of 87.16%
with the derived formulation.
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