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Mathematical modeling of mechanical properties of PA6/NBR/Clay
Nanocomposites Fabrication using the Thermal Friction Stirs Processing
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Keywords Abstract

Two phase nanocomposite Two phase nanocomposite base polyamide 6/nitrile butadiene rubber reinforced by nanoclay have gained
Polyamide 6/Elastomer wide application in various industries. Since friction stir processing is one of the fabricating methods for
Response surface methodology nanocomposites, in this paper, the response surface methodology (RSM) was used to investigate the
Tensile strength effect of rotational speed, traverse speed and shoulder temperature on the tensile and impact strength. At
Impact strength first, a number of trail runs were performed in order to determine the limits of the process parameters.

Analysis of variance was used to investigate the process parameters and mathematical models.
Comparison of the results of these methods with experimental results indicated that RSM results had a
lower percentage of error. Using mathematical model, the effect of the mentioned parameters on tensile
and impact strength was investigated to obtain optimum conditions. Results indicated that with increase
in rotational speed tensile strength and impact strength increased. With increase in traverse speed tensile
strength and impact strength decreased. Simultaneous optimization of the input parameters for
maximization of the output responses led to a tensile strength of 31.3MPa and impact strength of 70.3 j/m
was achieved at rotational speed of 1200 rpm, traverse speed of 20 mm/min and shoulder temperature of
125 °C.
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Table. 6 Validation of results

Aol
(R¥R G
. J
| . _ T S w
71 S oS C) (mm/min) (rpm)
ayo
5.3 29.81 28.30
3.9 67.78 65.20 175 30 1000
6.1 26.94 28.60
4.3 67.85 70.90 175 40 800
19 3129 31.90 125 20 1200

4.3 70.80 73.50

Actual & Preicted

31.3—|

30.2 —| Z
=
W
&
2
g 20.1—
7]
ot
oo

28 —

26.9—

T T T T T
26.9 28 20.1 30.2 31.3

Actual
Flg 4 plot of actual versus predicted tensile strength

i ploinl gl G e 4 (ABly lade loged B S

Actual & predicted

69.6 —
(=]
68.1 —]
[=1=]
a
=
@
2
1
£ 66.6 —
W
L=
&
68.1 —
636 - =
T T T T T
63.6 65.1 66.6 68.1 69.6

Actual
Flg .5 Plotof actual versus predicted impact strength

4,0 plSotiul (gl (g G Hlade 4y (a8l Jlade loges B SO

Ay g S plSoniwl (595 2 9yl yd s kol sly y3 U -5-4
o Byl [y 5l B e G o2b) Joe 4l 4 azgi b
4255 b 39 oo ooliitnl la el )l 3 (s i Sl S cnl 5l o 90

3.R?
4. Adj R2
5. Pred R?

837

14 o p Sl (o o alaly
IS= -618 + 0.113x ®— 0463 x S+ 0312%x T —

0.00003 X ®% + 0.004 x SZ—0.00039X @ X S— 0.00024 x
® X T + 00032 xS X T (5)

&7 bl (o jlael —4-4

odalice a5 jglailen e oo i 1) a0 g uiS plSoual sl S
o Ol 395 Sl (095 JB8) Sla 590 03gacme )3 595 de Lally) 098 s
s o Gialesl aw Lulg, cpl Jlael oS asin Glp uizmed ins
sy polie awslie o ad ol 3 Jsax la (llel 5l 2 4 le
7y las a5 ols lis 5 g4 Ly, by sod i b ool Caswy

S el (sl il s BT 4 Jgur

Table. 4 Analysis of variance for tensile strength
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Table. 5 Analysis of variance for impact strength

Slupe Az Egome

o i s Lo ol b
et ol el Sl TR
0.0003 47.03 4.02 9 36.19 alal,
0.0021 33.68 2.88 1 2.88 ®
<0.0001 161.18 13.78 1 13.78 S
0.0053 22.24 1.90 1 1.90 T
0.0032 28.10 2.40 1 2.40 xS
0.0004 70.20 6.00 1 6.00 oxT
0.0028 29.94 2.56 1 2.56 SxT
0.0005 64.80 5.54 1 5.54 2
0.0466 6.91 0.59 1 0.59 sz
0.1057 3.89 0.33 1 0.33 T2

0.085 5 0.43 oailesdly
0.4485 1.37 0.096 3 0.29
1. Residual

2. Lack of Fit



ubles 5 ua.z.:ho)..\nzn

. PABINBR/Clay =) 51015 536 Sl yolsn (6L s lulae

31.2 w

- S

& 301—

= T T

=2

-]

o

g 20 w

&

2

F S

‘a3

g 270

S 2

26.8 —

T T T T T
1 0.5 0 0.5 1

Deviation from reference point (Code units)

Fig. 6 Effect of process parameters on tensile strength

S il 55, 2 w13 el 3l 6 JSs

Tensile strength (MPa)

() (rev / min)

S (mm / min)

Fig. 7 3D diagram the effect of ® and S on the tensile strength

oS Sl (59) 2 S 5 @ hlite 136 (gom dw Jloges 7 S5

™™
BetIieey
e R

.
£

STt
I TIoeRI Rty
YT e

)
A

<3 =3 RIT
e e e
e s
e

»
< =3
[ -]
K XORAANN
OOKKARRN
R

e
(RN
0,"»:

Tensile strength (MPa)
2
£
"
5 o

125

1000
900 162.5
800 175

W (rev / min) T (°C)

Fig. 8 3D diagram the effect of w and T on the tensile strength

S i 55, 2 T 5 © Jlie 56 (sm s Jlogad 8 S

235 fso o2k alaly & byl blite 36 (il ly 5T Jgo &

el 43T 13 oy 850 5 Wl

S pBoinl 59y p w8 oyl )by 3l 154
5 ams e bt o 1) naS Al gs, » byl L8l 6 S
2 5ed Sl 5 S o B 161 o sall 1 (S o Al
Syl 30 el

Al j0 ool 4y ool Jleel iy 5 Jlade JSlhse ceyw Giali8l L
09 Srock Sl 0pa; yiie 3585 el (nl &5 S9d e i nlp
Pt il osle (9,0 IS $b (Swigd i3y g WS o0 oy S le 4
[22]s55 o c2sS plSoctul Gial3dl & e 5 o

ou obml &yl lade 5 a8 LS ey Slyes o il L
09,0 S il CB Sy iou yieS LMW Gley jo a5 al walys jilS
T11lab o Grals paesS plSioinl 5 ;a8 il oobe

85 05k o oole 4 (5355 sloyT Il el s (slas il
ol walgs oniS sl (55, p g0l il sles oogase ()l o
b Cojeels b OF aged) ead aisle CojeelSl o Al
S o s wms e ol |, a8 alSxiil /18 Liyli3l PA6/NBR
oy S E3 gl 75 g3l a8 wisls L [8] Ll Ken 5 D
728 1, a8 alSoiul o J5Is uSee 5l oslital L PAG6/NBR aly ools
ans oo Suals

S35 2 Sorba S g (Slygd ey bl 9o Jlie 367 S
A3 oo lis |y panS sl

Sy S GRIE L a3 e (o 40 69p0 S g o
Gorim Sy ;o a5 Jl> 0wl o GialEl ol a4 painS sl
Aol pin 0 wales seS Jles Cepw I8l Jlade ool
2 S il (59, p s sl 5 Slhgs ey Jlie S
4880 5 199 800 3l Jlyes ey ial38I L sl ool ools lis 8 IS
polae job 4y canS allouinl Gl goles jo aids 5 590 1200 U

5 4heBs n 599 1200 lygs oy o (2225 plSovtal (p iy Gl
Ao oy o8 il az 50 160 B 125 o julsd sleo

Pl s slos (Rl L Vb g by 5ty lo Sy o
Ak oo JSaly K6 282 530.5 3505 55 ol g Sl Loyl oS
2 e ke 25 B s iz slo e 53 jaled gles IS
LT 5l dms s ol oo i8] ISl S0 31 b lazy] 80 olSimtol caigdo
b 4 (o228 plSoctul @B e (Lo 40 B (st S Gl
il el JullSe 282 6 agle

e 30 5 oS (958 (slo Lo 53 (58S Pl 0 i
Sl cwvny ol F 6l 160 U 125 s joled sles g asds e

(9 Jss)

838

&

I s9Ld 9 pgle &y



I s09Ud 9 pgle ag i

Wbl 5 us.z.nbo).\m

. PABINBR/Clay =) 510l5 53L Suilko yolsn (6L s lmlawe

Js5 648 b ais by g polawe jobo 4y ayy0 alSouinl (69,00 Ce s 58
Joe 40 B 20 5l 90ty Sy GBI L &S (Jo po b0 286 10
Sad by y0 ol ol F il a4z 0 175 el gles o aids 5 e
Oomb Gorim b Cepu j0 oo 1alS 675 U 684 5l 5 (s yS
Otpiess 9 O, 0 plSoxiwl o g0l LU anld Wed gles s

695 §
— 68 —| T
l
S
= w
Eﬂ T
2 66.5 —{ s
£
- /’
g w
B 65 —
63.5 —
T T T T T
-1 -0.5 0 0.5 1

Deviation from reference point (Code units)

Fig. 10 Effect of process parameters on impact strength

o Sl (59 2 9kl sl szl 36 10 Ui

s
S
e
A s e o
e oate,
R e es

5 :Q‘O"?’"ﬁu N

O

(NSRRI
i

KXXAX
H

>

Y

NN
()
S50
55

)

b
.:
0

&

35
33K

&
o
W
Sl
%

>

(00
{5
l“.

Impact strength (j/m)

oy
e
>

ORISR
‘::‘::“:::‘:“\:‘Q‘)._
==
eSS

N

() (rev / min) 900
800 40

Fig. 11 3D diagram the effect of ® and S on the impact strength

a0 ool 55y 2 S 5O Jlie 30 gom aw loges 11 JsCi

AR

R
N

\\\§\
R

AR
AR

=,
W\
NARINE

9 .\\\\\\\\\\\\\\\{§\\\\\\
SRR
SR

Impact strength (j/m)

1000 / 150
® (rev/min) 900 1625 T (°C)
800 175
Fig. 12 3D diagram the effect of @ and T on the tensile strength
o ool 55y 2 T 5O hlite 156 gom dw Jloges 12 IS

839

SRR s
2555
LPTHEL 7oA P LT AL T or
e e e e
e A g e e
2

22
o5 2
(T

Tensile strength (MPa)

30
S (mm /min)

T (OC ) 162.5 — 35
175 40
Fig. 9 3D diagram the effect of S and T on the tensile strength

28 ploial (59, 2 TS lite 13 s s Jloges 9SS

76 o1t (535 1 it 58 yialyly 536 -2 -5-4

Slde So sl S B Gad Sz g 4l B a4 DS b oyl b
@ argl . whee (Rl ool wlg Cojenels gl s pliul g
a0 Aol g3l el 06 -1 gelans 5 90 oty il 10 UK
a0 el ol s 5 955 (o0 7o 2 55 678 L 2 55 655
@ Jloel (2 59y Il el (Shgs Sy Ik (oo a8
o Sl Gl S sS Sl VL (B s Jleelgh (s 00le
ol ST a8 o o ab salsd 4y alSoial ilidl 4 yzie 45 053
0 MBI o plodial 09h ISz sS A e Syl S oS
il el 818 ol axys 175 b 125 5 sl glos il il
IS8 Bllae 09 (oo e 2 g5 674 L 2o Jg5 66.6 5l 425 plSodal
GBS oSl o 2l s el 3yt St I3 L (10
S alis pais oy g LS (sl a8 ploy Jds & a0 plSon
oy S L3 5075 g8l 5 Lol gl awglie osl gy 56 o500
G 6 pals Eely  blazél Skl g, b PAG/NBR al osls 4
Sols L [8] Ll 5 Moo a5 > 45 el o i plSoeind
S ol 5b 75 09l b o Bl puSon b o 425l clo aiges o a5
SalS 740 a5 alSoxial PA6/NBR eVl Sidlges & Lo,
slo e pled 50 (6958 S AIBITL 1TSS Bllas 23l saly>
251200 5 800 jly50 Caeyus )0 il (oo (20 4,0 plSoeil g0
ool e 2 J5569.6 5 66.75 ol 5 4 b plSoninl (g iy i3S
S wlge Cussy aRBs p e Lo 20 oyt Sy 0 &S
Sigd Sy g ABBS p fo (lae 40 (58 Sy 50 G xS plSouil
& 5oy Js 65.2 ol jlade aF suwl cewyy aids 5 550 1200 4 800
boo 5 Slhgd Ceym )l 93 &5 Gloj apo plSovinl o i a8l
e ey o8 ile 4z 0 125 glos o a5 il g,sb 4 jaled
175 jules slos jo a5 Jl> j0 il adds 5 ;90 1200 b 1050 (0
b oosl aads 5 ;90 1110 U 800 (o gly90 ey b ol 5 le
oL 12 JSs 0 a5 shailen .l sy o p Jg5 67.2 4,8 plSoxil
o il G yieS Galad gles 5 (Silige Ly 6T 50 0dds sol
Lol s glos )0 13 IS5 azgi byl (oo Cesdy (e Jg5 63.3)



ubles 5 ua.z:ho)..\nzn

. PABINBR/Clay =) 51015 536 Sl yolsn (6L s lulae

S35 azxaii -5

SBhel anl slayall il a5 (e Ol GRS ol )
S¥ 16 awel (b 55l g0 CujeelS gl csle gl colasel
Sl Ul s odgamms 1ol yo b oy oy S | poligy Jyieishy ST
G Sz Bl g ) 5l G 9 WS (et Blgs (al eS L
Sy doye el 330wl coliiwl 4,8 g oiiS plSoiul g
oaw] s gl a5 0wy il el sles 5 (o S o lyg0

)1 .A.u)L..c

= Ui Gl el gl g, b odel Cawyy Lajly, @
o pS Il g A a8 g iaS alSol
998 a4l how Siod b (oo 5 /.98 599
9 ¥gd sled g g rbn Sy p90 Ol g Loyl om0
ox To@xS  slayell wpo mizes
S g (S9d Sy p93 Ol g Ll ded izen e
Pl g9y 2 Loyl aen Jlite ©pb 5 5950
VLIS R\ S Fa VR

» SXT 5

O ool Sl g et les o Sligy S RIEIL e
K 18.5 & 15 5l Ly &5 oS plSouinl 16 -1 o
b Gorin Sorm Gln Jy 9S00 lan (2l JBL
ai 8y 5 yie o 38 B 30 5l ey ol Gl
sl Sorim Sepm slp Jy Wb P el

sl ol olaai 5 jalsd sles (Gligd cep RIL @

Sorbe Sepm ORI L Al (o0 GRlS 40 el
4 g Sob a s plSiul aids e L 40 1 30

G40 I ol Gl b Js aibie 5o g5 30 ol

5 L3l (glp oS oy s & aids e (Lo 50
a0 FK”':"‘" Azl o ‘Ul—’ )'lé 09 QB\S O ey

aboo 28

&l -5

[1] Nakhaei, M.R. Mohammadi, Sh. Naderi, Gh. and Ghoreishy,
M.H.R., Kh., “Experimental study of microstructure, thermal and
mechanical properties of PA6/NBR nanocomposites reinforced with
graphene nanoparticle”, In Persian, Journal of Science and
Technology of Composites, In press.

[2] Jalilian, H. Naderi, G. and Shokoohi, S., “Investigation on the
Microstructure and  Properties of PVC Toughened with
DOP/PMMA/Nano-Graphene”, In Persian, Journal of Science and
Technology of Composites, Vol. 5, No. 3, pp. 451-456, 2018.

[3] Lim, S.-H., Dasari, A., Yu, Z.-Z., Mai, Y.-W., Liu, S. and Yong, M.
S.,  “Fracture Toughness of Nylon 6/Organoclay/Elastomer
Nanocomposites* Composites Science and Technology, Vol. 67, No.
14, pp. 2914-2923, 2007.

[4] Esmizadeh, E. Sahraeian, R. Mosalmani, R. Naderi, Gh and Esfandeh,
M., “Mechanical behavior of nanoperlite/nanoclay hybrid

Impact strength (j/m)

30

mm /min
175 40 S ( )

Fig. 13 3D diagram the effect of S and T on the tensile strength

a0 plSoinl 69y 2 T 9S blite 150 (gam aw jloges 13 i

0 yutin Mo (55w Ay -3 —5-4

oladl (SEaol anls slayully 2306 4 bgrye jloges jo oS jshailen
Sialdl 0sd (o oaalin (10 56 S 0 5 o285 el (55,
39 n d > plSal il 5 oS Sl alS el ol (gles
10 catls s LS, S Sl ol 55 1 50 a0 5
4 Canglin o ey 3SLo b 51 )0 a5 sl aalys iy 68,lse s ol 4o
Oelpls 0,8 e 18 0s5 Jlae ( eS o piiS alSxil osle 40
a5 Wgd Sl 59k wld byl polis o pite sz (3l e 5o
ol g (S plSoal) (e Lol polie (Koo ploj o2 sk
&l Shle 4 b g ol 05 Sew Jlade STas o 6l o> b (a0
A2l o T o Joles 5 (SlSe oS glages o paysSla s
Shosel comsy (22l Joo 5l (Slsle oly> oo oo oo STas sl
Glozally polie ¥ Jsoz alae sod o oolitel ool 3T al> e
5 =2 ploinl (g plepes jska b ol Qll glasgs 4wl
G & jg0 4 45 abS o bt gl iy ASam @ 1, 4y plSxiad
s o 25 ot Ceps s 599 1200 lgs Ce s (slo sl
Lol s cpl 1o a5 8¢ sales o5 Sl a0 125 ,0ss los g aids
3 S5l 150 L5 o 4y plSonil 5 25 plSiind ol

g 2ly> e 5569

wyd 5 S plSoial plojen (0 ey iSle sl anld slayielly T Jsur
Table 7. Process parameters to simultaneously maximize the
tensile and impact strength

(MPa) 225 plSousl Les JEESRCVNRIR B PSP
J/m) 4,0 el (°Q) (mm/min) (rpm)
315
125 25 1200
69

840

)40l (5 )9Ud 9 pode Ay uins



35940l (5)9Ud 9 pgle Ay yuis

Wbl 5 usz.sbo).\.nza

. PABINBR/Clay =) 510l5 53L Suilko yolsn (6L s lmlawe

PP/EPDM/Organoclay Nanocomposites Fabricated by Friction Stir
Processing™ Iranian Polymer Journal, Vol. 25, No. 2, pp. 179-191,
2016.

[22]Huang, Y., Meng, X., Xie, Y., Wan, L., Lv, Z,, Cao, J. and Feng, J.,
“Friction Stir Welding/Processing of Polymers and Polymer Matrix
Composites* Composites Part A: Applied Science and Manufacturing,
Vol. 105, pp. 235-257, 2018.

841

nanocomposites based on polyethylene: Experimental and numerical
validation of hyperelastic models”, In Persian, Journal of Science and
Technology of Composites.

[5] Attari, M., Arefazar, A. and Bakhshandeh, G., “Mechanical and
Thermal Properties of Toughened PA6/HDPE/SEBs - G - Ma/Clay
Nanocomposite “ Polymer Engineering & Science, Vol. 55, No. 1,
pp. 29-33, 2015.

[6] Payandehpeyman, J. Majzoobi, Gh. and Bagheri, R., “Experimental,
Analytical and Numerical Investigation of Polypropylene
Nanocomposites Microhardness”, In Persian, Journal of Science and
Technology of Composites, Vol. 3, No. 2, pp. 165-176, 2016.

[7] Fakirov, S., “Handbook of Condensation Thermoplastic Elastomers®,
John Wiley & Sons, 2006.

[8] Mahallati, P., Arefazar, A. and
Morphological Properties  of
Nanocomposites Based on PA6/NBR
Processing. Vol. 25, No.2, pp.132-8, 2011.

[9] Lee, H.-s., Fasulo, P. D., Rodgers, W. R. and Paul, D., “TPO Based
Nanocomposites. Part 1. Morphology and  Mechanical
Properties* Polymer, Vol. 46, No. 25, pp. 11673-11689, 2005.

[10]Khosrokhavar, R., Naderi, G., Bakhshandeh, G. R. and Ghoreishy,
M. H. R., “Effect of Processing Parameters on PP/EPDM/Organoclay
Nanocomposites Using Taguchi Analysis Method* Iran Polym J, Vol.
20, pp. 41-53, 2011.

[11]Mostafapour, A., Naderi, G. and Nakhaei, M. R., “Theoretical
Models for Prediction of Mechanical Behaviour of the PP/EPDM
Nanocomposites Fabricated by Friction Stir Process® Polyolefins
Journal, Vol. 4, No. 1, pp. 99-109, 2016.

[12]Mishra, R. S., Ma, Z. and Charit, L., “Friction Stir Processing: A
Novel Technique for Fabrication of Surface Composite* Materials
Science and Engineering: A, Vol. 341, No. 1-2, pp. 307-310, 2003.

[13] Sharma, S. R., Ma, Z. and Mishra, R. S., “Effect of Friction Stir
Processing on Fatigue Behavior of A356 Alloy* Scripta Materialia,
Vol. 51, No. 3, pp. 237-241, 2004.

[14] Azarsa, E. and Mostafapour, A., “On the Feasibility of Producing
Polymer—Metal Composites Via Novel Variant of Friction Stir
Processing* Journal of Manufacturing Processes, Vol. 15, No. 4, pp.
682-688, 2013.

[15]Barmouz, M., Seyfi, J., Givi, M. K. B., Hejazi, |. and Davachi, S. M.,
“A Novel Approach for Producing Polymer Nanocomposites by in-
Situ  Dispersion of Clay Particles Via Friction  Stir
Processing® Materials Science and Engineering: A, Vol. 528, No. 6,
pp. 3003-3006, 2011.

[16]Zinati, R. F., “Experimental Evaluation of Ultrasonic-Assisted
Friction Stir Process Effect on in Situ Dispersion of Multi-Walled
Carbon Nanotubes Throughout Polyamide 6“ The International
Journal of Advanced Manufacturing Technology, Vol. 81, No. 9-12,
pp. 2087-2098, 2015.

[17]Mostafapour, A., Naderi, G. and Nakhaei, M. R., “Effect of Process
Parameters on Fracture Toughness of PP/EPDM/Nanoclay
Nanocomposite Fabricated by Novel Method of Heat Assisted
Friction Stir Processing™ Polymer Composites, Vol. 39, No. 7, pp.
2336-2346, 2018.

[18] Mostafapour, A., Akbari, A. and Nakhaei, M., “Application of
Response Surface Methodology for Optimization of Pulsating Blank
Holder Parameters in Deep Drawing Process of Al 1050 Rectangular

Parts The International Journal of Advanced Manufacturing
Technology, Vol. 91, No. 1-4, pp. 731-737, 2017.

[19]Zhang, L., Wan, C. and Zhang, Y., “Investigation on Morphology
and Mechanical Properties of Polyamide 6/Maleated Ethylene -
Propylene - Diene Rubber/Organoclay Composites “ Polymer
Engineering & Science, Vol. 49, No. 2, pp. 209-216, 2009.

[20]Nakhaei, M. R., Mostafapour, A. and Naderi, G., “Optimization of
Mechanical Properties of PP/EPDM/Clay Nanocomposite Fabricated
by Friction Stir Processing with Response Surface Methodology and
Neural Networks* Polymer Composites, Vol. 38, pp. E421-E432,
2017.

[21]Nakhaei, M., Naderi, G. and Mostafapour, A., “Effect of Processing
Parameters on  Morphology and Tensile Properties of

Naderi, G., “Thermal and
Thermoplastic ~ Elastomer
" International Polymer



Ve 5 (26 Loy dwe=o
. PABINBR/Clay =) 51015 536 Sl yolsn (6L s lulae

35940l (5)9US 9 pgle Ay ks

842



