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Article Information Abstract
Original Research Paper To produce polymer matrix composites, direct printing can be used without the need to make filament.
Received: 30 July 2024 This technology is known as liquid deposition modeling (LDM). In this process, polymer materials
Accepted: 24 August 2024 mixed with microparticles enter the printer cylinder in the form of granules and after reaching the
melting temperature, they are printed on the machine bed. In this research, polymer-based composites
Keywords: made of polypropylene were produced by adding copper microparticles using LDM technology. For this
Liquid Deposition Modeling purpose, experimental tests were designed based on a full factorial design. In the following, the
Composite composite samples conforming to the geometry of the tensile test sample were printed under certain
Polypropylene settings of the input variables including: layer thickness, microparticle size and weight percentage of
Copper microparticles, and the yield strength and flexibility of the samples were evaluated based on ANOVA.
Optimization The results of the statistical analysis showed that the coefficient of variation of the regression models to

predict the yield strength and flexibility of the samples are equal to 98.85 % and 98.63%, respectively.
Also, dual-objective optimization was performed using the desirability method in order to maximize the
response parameters, and the optimal combination of input variables was determined with the
desirability value of 96.1%. The optimal values of layer thickness, microparticle size and weight
percentage of microparticles were extracted as equal to 180 micron, 45 micron and 10% respectively.
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4 Scanning Electron Microscope (SEM)
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6 Polycarbonate (PC)

7 Styrene-Isoprene-Styrene (SIS)

"\ AQ)LQJBI\‘ﬁ)ﬁés‘Z'Y‘Qlt\TAol)..\_IJ{J,:\'j\L\;)LuJL’MJW



UKo 9 (5 GIoRo (Jziana e sl 53 5l o 3Ll b 0 Julbpsly PP/CU (i3 )940lS (52 A3g05 (S (polgd pa 30 LA paiio (5 )wddng 9 SIwdSe

B emin 3550 1y JoSlS SVBE 5 sl (b cadld izl endioly sladiged unSh plSovinl 5 el plSouiul (il g
Sl it Aty S5 it 505 &) aaiges (SolSe ol srsiier slite &1 (6 peine g5 sl Juts Lo sl
5 il oaiols ldiges canSll plouiul g e plSotinl (gileaiiiny Bua b Clie glasay gile Juw aul 3 69459

preine sl 4y JoSAIS VLS 5 Ll L etz 5l eadiolr ladiges 5,La8 plSovial a5 0l o (lalime S (LReghy 5
Slp Vb s g il plSorinl ( Swigd p 5l oo, YO o515 sl @ eonl pogdle [A] casl conlie Saigi, JE> L
g o Wadiged (la o plSorinl (il corge 4l e oo YO Jlade 1o Olar Sy 0ol ((piznon o Jol> ladiges

e slBl colo Gl by, 25145 Cdlb s (g s roal Slocuemels 059> )0 ol plonl Clindon aciey 2 5590 b
$R9alS S 4 (s sl Gl plo attes Olie GlasaY (giledse (5l (e (DY gaze 5l 09 S (al as
Jsb y0 1Al 5,50 Cuedd U 0ges \)05):...5| Sl jug UML, @ pladl ol Olie Slasay gile Jow ailyd adsl slge lgie 4
Sl olej %05 S 5l 5 05 0l (2550alS i) 4yl olsa 55wt 5 Gial3E sl ol ol 355 S5 il S
o it (59,81 5 @il GlaiaY gilodoe wuld 6x5,I @ iyenl 5l 28l walss liEl 58 jeelS slaaised
gl Glaay siludoe wnld (aagh cnl )0 Galple oged walss gdise |; SUES Dhe Ola S 695 2 (RjseelS
Sladiges slite oy ad dalyS 485 I 4 (Gee Dly398e b osdelS 5 Hlugn ) PP/CU slacejsnsls Sl ol
@Y Caliis iman 638y Slbiie 5| casine Slodat Cod 2iS sl o lailinl diges Slasie p Eoldaie el
5 Bl ol b glasay gile Jaw ailyd sl oslainl b g oS Jule )b slie 5 ol )35 Ko (G355 duo 0§ Dl)39,500 o5l
31 oolitd L 2 j5als slotiges ly axid S 15 anlllo o50 cpilely Julows (slive  loaigas (6 g dllani] 5 el St
ol Glaiges g piySlhasl 5 elud ol i jskaie & (55, e gl @le GliiaY g5l o wnlb
Oesi 5xsls wdler 5l ot il slayelly (leatiny Caz ALl (5055 Glariie Al oS 4 olted 5 ead
il oo 9508

Ly g 3190 —Y

o3l b e s ol ogdle [V T as oolictal b poly lyie @ o mesh & st 550) g nish 3l iRat ool 5
b kg b oS5 sl () JS8) 0b angd g el c0uiiS gl Sl 35S0 plgie 4 (99,80 FO 5 Yo o3luil 93 53 5 a3 A9
Pl 5o oKl azyo V4 Soop sles po Ghagnih ostite pav ab eoliul (g5l Jolxe (S, 5l e D39 50
2l Jol> (Kad (6 e Jolone U ol eolittul pugbline (a0 5l Dly35,80e 5 ol Jolone S5 6l 058 o0 J> (L
Pl 5o b aizn,) oogeimndd] igd iz 5l 2locdB o 1) gy Jolne oKl az )0 WV 4y Soo5 lod )0 G
(Y JS2) wlew (Bl 239,80 5 hugn (b <55 9 998 plxl

o 55 () gn b (D
CajemalS ol (6l 55 0,50 i3S g ey ) JSCU

L Extruder
2 Polypropene

Ao)Ln.«i'n\\o)pé;\f_-\"oL_;Txob._ﬂJ.:J,Sj;»'Aquw.\Jw Y



UKo 9§ )2 (S3oRo (miana e sl 53 5l o 3Ll b 0 Julbpsly PP/CU (i3 )940lS (52 A3g05 (S (polgd pa 30 LA paiio (5 )wddng 9 SIwdSe

it -," ! ‘
! . -

e S39,Sen 9 hagn (b Joloee ¥ S0

slaggesl (>hb jsbaie 4 aas oo (lis 1) o] Sl ok 5 mle SlasaY gileJas il )b 89,5 sl s ) Jour
ams e ki |, o b glagysel ¥ Jgdar (F US5) b eslizasl | elS Lole b 51 o020

gl Slasay giloJos anlb 595,5 slaysie ) Jguz

Ol s
o C}Jﬂm’ ~.\>l5 Sles &99,9 )M
+1 -1
240 180 micron T LY Cwlrs
45 20 micron S 19939,5e o0l
20 10 % w PR9See iy de)3
6 8
X
1 X7 3
b5 Ll 2 b Y s
=75 sbosesl (b ¥ Jaua
&b sloyally $399 Sl i )
Elongation S, cw B (S) A 0ol ejled
% MPa % micron micron
12.51 7.96 20 20 180 1
17.24 7.34 20 20 240 2
12.18 8.01 10 20 240 3
14.7 7.78 10 45 240 4
21.78 7.03 10 45 180 5
12.37 7.47 20 45 180 6
13.04 6.02 10 20 180 7
13.78 6.22 20 45 240 8

A 48,5 IS a 5iS ges] o laslin] gladiges Olx gl aS amo o i 1) mle SlasaY ofws F S

1 Full Factorial Design (FFD)
Y A o )losis V) o)jé.\i-\"oL_»T‘ob.ﬂ.\.gJ}E)-;fabuqu@(e



UKo 9 (5 GIoRo (Jziana e sl 53 5l o 3Ll b 0 Julbpsly PP/CU (i3 )940lS (52 A3g05 (S (polgd pa 30 LA paiio (5 )wddng 9 SIwdSe

sl Slaay Sk F g

W Sgbee S A g Sl Ojge 4 (SWiedn 8l g Oly Sy (Swisdn wops (iU sles (J3U Sk sl el L
axgi b S g5l slodiges o 4§ L o jedle ool g asl Foo Vio,o Voo ol Xl az 10 YOO ¢y s
(O JS3) o ol e 9 00 (1)L [VV] ASTM D638 s jlasbewl o 7,00 Sl @

!
[ I I I I
I
o
C‘wll
ﬁj 10/'_)
™ o~
=== 11
I !
9.52 | |
63.5

—

' Run5

Run 6

8 Run 7
J

1 Run 8

oaily sladiges (<)
ASTM D638 leljll gillas LiisS (y3051 slotiges olo & JS0b

o g i Y
Jsb obsjl 0o s g puked plSoviwl polie g a8, S 15 1S yge3l Co STM-150 Jow sl olfiws 51 solatul b ladiges
9 [vy] \Q),;...«Sl orlms J58le 5 5l eolatwl b iegh cpl 5l ol sloesls Judos g auio0 (Y Jga) w5 ool g gl el oy

1 Design-Expert
Ao)Lo.\i'n\\o)pé;\f_-\"oL_;Txob._ﬂJ{J,Sj“buuw.\Jw \&



UKo 9§ )2 (S3oRo (miana e 2l p3 5l 0 3Laiwl b 0 3w sla PP/Cu i j9aolS (5ladigas (iuiaS (jolgd s3 »3g0 (SLB judile (g )wding 9 $ibwdde

a 3 * e . . . . * . . “a & . \ M . g .
wilB o e lapite 5wl oyl Gl (2b) @y obml jshie 4 Grizres (285 Sjpe uibyly LT Sl
b33l ao s g pebes plSoctul il ly Julos 5l Jols gl cus 4 F o ¥ sladsar DY) as a3 3 15 & e 5, oo

e e L]y Jsb

ke LSl il ly Judod s ¥ Jguar

P-value F-value Sl o 5 Sile 6olyl a0 Sl o Eg0mo ST Ve
0.1997 14.30 0.6652 6 3.99 Jse
0.3893 2.03 0.0946 1 0.0946 A-T
0.4035 1.85 0.0861 1 0.0861 B-S
0.8465 0.0605 0.0028 1 0.0028 c-w
0.2007 9.40 0.4371 1 0.4371 AB
0.0838 57.11 2.66 1 2.66 AC
0.1591 15.35 0.7140 1 0.7140 BC

(S Slasi) Jsb obojlas,s (i)l Juloo @l ¥ Jgor

P-value F-value Slayyo 555k @bl az o Slaye ggoe ye R ge
0.2174 12.00 12.62 6 75.70 Jowe
0.6464 0.3853 0.4050 1 0.4050 A-T
0.2304 6.98 7.33 1 7.33 B-S
0.2952 4.00 4.21 1 4.21 C-w
0.1879 10.82 11.38 1 11.38 AB
0.1293 23.57 24.78 1 24.78 AC
0.1227 26.26 27.60 1 27.60 BC

P95 Sy weyd g &Y Culkd ool el D)le a5 S8l (g e Povalue gl jlade (nteST Gelel
533 22y 5 03l 0 po folo elss Syl Td (Sge 3l Al oo (L jopelS sladines el oSl » b ot sl
& 5 Jles s slalaged ecnl  ogde aibige (aeelS Slaises s pdy Bllanil e » U i SIS S3029,508
57 SlUSd i oo )18 ealitul 350 i)l Gl p 2 BB b a5 ilse lolid jslane 4 5 (STl S lpie
o g i3 1y Jobo 333l wo s 5 ks plStl (slo 2ol JLay s sl fogei 5 Y

Half-Normal Plot

] Sy
95
] AT
= 90 7 AC B:S
= 1 C:wW
S 1
£ 803
£ 3 Ope W
s 703 W Negative Effects
E : 048
50 -
=] 3 O: T
z‘:’ ] A-1
% 30 3 Of.g
= 20 .
1 ofw
0] g7CW
1 T T T ™
0.00 0.29 0.58 0.86 1.15

|Standardized Effect|
ke plSoxial Jlo 5 dnss Jlogei 7 S

1 Analysis of Variance (ANOVA)
2 Half-Normal Plot

\0 Ae)Loaiu\\e);é.\i-\"ol._\TAQI),\_IA{J,K;mL»uwA&(e



UKo 9 (5 GIoRo (Jziana e 2l p3 5l 0 3Laiwl b 0 3w sla PP/Cu i j9aolS (5ladigas (iuiaS (jolgd s3 »3g0 (SLB judile (g )wding 9 $ibwdde

Half-Normal Plot

Elongation
95

] AT
%, 907 B B:S
= ] Cw
2 ] '
£ 803
2 3 O.r D !
& AC )
- 7i) 3 . Neganve Effects
=~ E
E E OAR
E 502
Z UB-s
= 30 Oc.w
jun] lﬂ_' o

1 O

0] g 9AT
=T T T T T
0.00 0.93 1.86 2.79 3.72
|Standardized Effect|

(G pdy Slasil) Job oLl doyo oy dess Hloges V¥ S0

s, ALY 5 as,0 WAL olaws cui 5 @ Job bl do o g pudad plSouinl glp w5, o Jow Dlpess oo
203 5 ek plSoial (sl '3 Ul e mizmen IS (g S sladoe S 5 o Vs o wias Jol>
b oo onl 5l Gliise 5 9,08 e )Ty oo S5 JLKws 5 IV a5 sl Caws @ V0 5 VA golue i 5 & Jsb obsjl
Billae 5 0us s NEF &y 4y Job bl deo o 5 el plSoxial ¢y 55 (sloJbe 0905 oslitl (b slad 0 28 > sl
10D gl n 5 bl
S$y=723+0.109T-0.104S5+0.019 W-0.234 TS-0.576 TW-0.299 SW )
Elongation=14.7 - 0.225 T+ 09585-0.725W-1.19TS+ 1.76 TW - 1.86 SW M)
55 s 23500lS. Stizes ol plSmial Eal3H crgo o] (535 oy Sl 5 35,5 ol GERlS A U5 sl
JS8) wls walgs 0 50.elS sladiges (g pdy Bllasil iuli8l 4 e Y Culs alS g 39,80 ol ol s (ggm

A
Interaction Factor Coding: Actual
10 C: W (%) Sy (MPa)
Xl=B:5
9| N2=C:W
Actual Factor
8 A: T = Average over
— A
& [ ] W
= 'da . A
)
[
6
5
4 —
T U
20 45

B: S (micron)

s Aol 1y )0019,Se S35 deyd 5 o)l ST A S5l

1 Adequate Precision

Ao)Lo.\i'u\\o),é;\i-\"oL_»T.oI),»_IA{J,J;;AL»w_\J“ \7



UKo 9§ )2 (S3oRo (miana e 2l p3 5l 0 3Laiwl b 0 3w sla PP/Cu i j9aolS (5ladigas (iuiaS (jolgd s3 »3g0 (SLB judile (g )wding 9 $ibwdde

Interaction Factor Coding: Actual
3 . -
30 B: S (micron) Elongation {%5)
25 Ml=AT
= X2=B:58
) Actual Factor
- 20 | C:'W = Average over
=
—
=] & WE 0
=15 . AR
|
S’
o 10
5
0
T T
180 240

AT (micron)
(S pdy Blas) Job obssl ao s » 099,500 o5lail g 4 culies 564 S

& IWao g 5 lwaing —F
(omglhe i Bon aSyl 4 axgi L Iyel Sgd oo oolainl (69955 s e (g3l Gl Conslhae g, 5l iRgh pl 4o
D9 g0 iy 2l 5 D yso d Sanglhe il co Job obojl o )0 g el ploil Glojen (o5luai i

0 y<L
—L\T
1 y>U

o3 oo (L 1) il sla el aindion @ Glojen (oliuwd Cuxr (639)9 Lot Ao oS D Jgoz 0D

s 90 (5iludigy @S O Jgux

Jlade bl
180 microns T
45 microns S
10% w
6.95 MPa Sy
21.42% Elongation
96.1% Desirability

YA 65L~M.A w).' LY u‘)éj)s...n LS’)B lo )0 g u‘)\)j)&m o)‘.\J‘ ‘c\ﬂf Croles Al )abLa.o sé}wu;o ooslin 4 )#uw
solie oS ams oo Las (Y Joaz )3 gyuie) O diged 4 banye (025 @l g siluaige wnlp ) Jol> bl anlie
Q) Gl Jas 0o jlws Cds Kby a5 aied oo, VLY g ), Bl Glils i 4 Job obsjl ao s 5 pudud plSuiul

O C'“’L’ EY Y RSy, &l onds

1 Desirability Method
\Y Ab)Lo.&i)i“b)}és\i'VQl{TAOI)ﬂIJ{J}K’\L\.‘)L&UwW



UKo 9 (5 GIoRo (Jziana e 2l p3 5l 0 3Laiwl b 0 3w sla PP/Cu i j9aolS (5ladigas (iuiaS (jolgd s3 »3g0 (SLB judile (g )wding 9 $ibwdde

A: T (micron) B: S (micron) C: W (%)

1 1 1

180 240 20 45 10 20
1
1.000
1 T —— N— _de -—

. 0.800 e Y
0.600 |
0.400 |
0.200 |
0.000 |

Desirability

Elongation (%)
v

Sy (MPa)
O 0 S

deoly glo el aniog 4 s Cuz bl Slaiay (gl Jos anld gle it digy oS 5 Ll Jialed Vo JSB

S i —0
G)LMJM \.LA)‘JB )l ool L_) (UM_A ‘-“)‘)31—1“" Lv OMMJJJ &ujf&u) PP/CU 6;«:..1) cbl: GLDW)BAA[S ‘U.M.(bgf U)‘ B
plotiwl 5 wal Gl ()35 Ko (S39 oy 5 Dly3e ;8w o3l Y Culbes sl piis 3l catin OloS 5 cov mle Slusay
31 e iy ol 3 ol bt (st BT )3 il o w0ad Sl (slodisas (s ey Slland 5 el
9 Moy g Y Cubrs ool el Oile a5 wols lis Jlo g dend slajloges g wibyly Judow ls @
Crodels el Sle mizmen Bl (FujelS Sladiges peled plloiul n 3G Cn i SIS 095,50
ol (5955008 lrdiges (6 58y Blasil e ).gl.; Ot Lo 059,500 (39 de s g o5l
D08 e 55 sla Jow colaS g e Mo p cdYs aS 0l ol ws o
5l 0gdco 59008 Gladiges pudd alSouiwl il Coge o] (Sig o0 ioli8l g e l)3g,8a olail LialS @
alsm 2 5emelS Grdises (g pdyBlasil o138l 4 mie Y Cwlbs als g e Ol 3g S ojlail iol38l (s g
plouinl lojen (gilwdiicn Cqm e Ol)dg Ko Sig Moy 5 e D139, 00 ojlal Y Culbs Ay polie @

References

[1] Rosenthal M, Riiggeberg M, Gerber C, Beyrich L, Faludi ]. Physical properties of wood-based materials for
liquid deposition modeling. Rapid Prototyping Journal. 2023 May 2;29(5):1004-13. doi: 10.1108/RPJ-09-
2022-0322

[2] Hsueh MH, Lai CJ, Wang SH, Zeng YS, Hsieh CH, Pan CY, Huang WC. Effect of printing parameters on the
thermal and mechanical properties of 3d-printed pla and petg, using fused deposition modeling. Polymers.
2021 May 27;13(11):1758. doi: 10.3390/polym13111758

Ao)Lo.\i'u\\o),é;\i-\"oL_»T.oI),»_IA{J,J;;AL»w_\J“ \A


https://doi.org/10.1108/RPJ-09-2022-0322
https://doi.org/10.1108/RPJ-09-2022-0322
https://doi.org/10.3390/polym13111758

UKo 9§ )2 (S3oRo (miana e 2l p3 5l 0 3Laiwl b 0 3w sla PP/Cu i j9aolS (5ladigas (iuiaS (jolgd s3 »3g0 (SLB judile (g )wding 9 $ibwdde

[3] Afrose MF, Masood SH, Nikzad M, lovenitti P. Effects of build orientations on tensile properties of PLA
material processed by FDM. Advanced materials research. 2014 Nov 26;1044:31-4. doi:
10.4028/www.scientific.net/AMR.1044-1045.31

[4] Sepahi MT, Abusalma H, Jovanovic V, Eisazadeh H. Mechanical properties of 3D-printed parts made of
polyethylene terephthalate glycol. Journal of Materials Engineering and Performance. 2021 Sep;30:6851-61.
doi: 10.1007/s11665-021-06032-4

[5] Gholizadeh Roshan A, Zolfaghari A, Shakeri M. Investigation of physical and mechanical properties of 3D
printed parts by using of ABS plastic filaments filled by alumina. Iranian Journal of Manufacturing
Engineering. 2020 Jun 21;7(4):1-9. [In Persian]

[6] Shakouri E. Evaluation of rotary fatigue bending and creep performance in PLA components during fused
deposition modeling. Iranian Journal of Manufacturing Engineering. 2021 Nov 22;8(9):60-9. [In Persian]

[7] Verma N, Banerjee SS. Development of material extrusion 3D printable ABS/PC polymer blends: influence of
styrene-isoprene-styrene copolymer on printability and mechanical properties. Polymer-Plastics
Technology and Materials. 2023 Mar 4;62(4):419-32. doi: 10.1080/25740881.2022.2121218

[8] Koohfar S, Vahdati M. Experimental study and statistical analysis of the effect of FDM parameters on yield
strength and fracture strength of printed polymer samples. 32th Annual International Conference of Iranian
Society of Mechanical Engineers (ISME 2024). 2024 May 7; Arak, Iran. [In Persian]

[9] Mallikarjuna B, Mallesh V, Vardhan MS, Vadivudaiyanayak HG, Datta PG. Effect of Process Parameters on
Mechanical Properties in Fused Deposition Modelling of Polyethylene Terephthalate Glycol. Procedia
Structural Integrity. 2024 Jan 1;56:160-6. doi: 10.1016/j.prostr.2024.02.051

[10] Busico V, Cipullo R. Microstructure of polypropylene. Progress in Polymer Science. 2001 Apr 1;26(3):443-
533.doi: 10.1016/S0079-6700(00)00046-0

[11] AbouelNour Y, Rakauskas N, Naquila G, Gupta N. Tensile testing data of additive manufactured ASTM D638
standard specimens with embedded internal geometrical features. Scientific Data. 2024 May 16;11(1):506.
doi: 10.1038/s41597-024-03369-y

[12] Akram W, Garud N. Design expert as a statistical tool for optimization of 5-ASA-loaded biopolymer-based
nanoparticles using Box Behnken factorial design. Future Journal of Pharmaceutical Sciences. 2021 Dec;7:1-7.
doi: 10.1186/s43094-021-00299-z

[13] Dean A, Voss D. Design and analysis of experiments. New York, NY: Springer New York; 1999. doi:
10.1007/0-387-22634-6_15

[14] Isapour Rudy M, Vahdati M, Mirnia M]. Statistical Analysis and Optimization of Variables Affecting the End
Diameter of AISI 304 Steel Tube Produced by Flaring Process. Amirkabir Journal of Mechanical Engineering.
2023 Feb 20;54(12):2861-76. doi: 10.22060/ME].2022.21622.7479 [In Persian]

14 AQ)LQJBI\‘ﬁ)ﬁés‘Z'Y‘Qlt\TAol)..\_IJ{J,:\'j\L\;)LuJL’MJW


https://doi.org/10.4028/www.scientific.net/AMR.1044-1045.31
https://doi.org/10.4028/www.scientific.net/AMR.1044-1045.31
https://doi.org/10.1007/s11665-021-06032-4
https://doi.org/10.1080/25740881.2022.2121218
https://doi.org/10.1016/j.prostr.2024.02.051
https://doi.org/10.1016/S0079-6700(00)00046-0
https://doi.org/10.1038/s41597-024-03369-y
https://doi.org/10.1186/s43094-021-00299-z
https://doi.org/10.1007/0-387-22634-6_15
https://doi.org/10.1007/0-387-22634-6_15
https://doi.org/10.22060/MEJ.2022.21622.7479

	مدل‌سازی و بهینه‌سازی متغیر‌های موثر بر خواص کششی نمونه‌های کامپوزیتی PP/Cu چاپ‌شده با استفاده از فرایند LDM
	Modeling and optimization of variables affecting tensile properties of printed PP/Cu composite samples using LDM process
	* Corresponding Author's Email: vahdati@shahroodut.ac.ir

