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KRIENGSAK MASNOK : FEED RATE AND VOLUME OF MATERIAL
EFFECTS IN FUSED DEPOSITION MODELING NOZZLE WEAR. THESIS
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RAPID PROTOTYPING TECHNOLOGY/FUSED DEPOSITION MODELING/

COMPOSITE MATERIAL FILAMENT

Fused deposition modeling (FDM) is a fast growing technology due to its
ability to build functional parts having complex geometrical shape. For traditional
FDM build part base on thermoplastic, However the modern FDM can construct by
using composite material filaments such as poly lactic acid (PLA) filled bronze, iron
or stainless steel in which these materials cause nozzle wear. The wear of the nozzle
depends on many process variables. This research study on two process parameters
included feed rate and volume of material. Experiment was conducted by using
standard nozzle fitted with FDM machine and printed PLA stainless steel filled
material, then nozzle wear was investigated by digital microscope. Experimental
analysis has been carried out by using design of experiments (DOE) technique in
order to determine the effect of parameters on the FDM nozzle wear. The results
showed that feed rate and volume of material are significant factor on the FDM
nozzle wear. In addition, the results of this study can be established wear rate

equation for estimating FDM nozzle wear rate.
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(Fixed Effects Model)
Source of Sum of Degree of ,
i ' , Mean Square F,
Variation Squares Freedom -
SSa MS,
A SS, a-1 MS, =~ "=,
SS MS,
B SS, b-1 MSp = Fo =370
E
SS, MS
AB SS,5 (a-1)(b-1) MSyp = m Fp= M;;
SSg
Error SSe ab(n-1) MSg = m
Total SS; abn-1

nAMsNdaaiuvesnnnasanuius (@ F,) inganssunesuielddromsuanussuny F

o @

Fatun1s AL e NI NaMINudazINa (“hxﬁ'ﬁﬁa A, B 1IaZAB) iHaog 19l dsd 1Ay
(Significance) 130 13} 391521 UNNAUN YDA F IN0A 91N Fa,vl,vzaﬁ"a V1 4N degree of
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E,_ v, Wszsuanuiiivehasy (a) idmue
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iesninlunmsnaaoaniia g agiideden lildnuguimauinn vazdatomaiilaz
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A9HAADAINARIAIAADUYDINITNARDITINIAIY E; j) vaolszna 1aaae e, (AN 14
A . =& = A A A A v A o o XL o quy
114 DOE fi® Residual FaNUN8DUANINAD HIBAUMADANA1 viToa ) alusivesl e ld
a J A ~ ' . . < o oA & A0 X
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o { I o ° a o
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INANNITN (2.3) A1 Residual ADNAA1I5LH 1 Response 11NNITNATDILAZAUNAIVDINIT
NAABIULADE combination i”, j” ¥3® ADHAAI9IZHI19 Response NU AINUTZNIUDINAIUD

;) lunsaiNdams 1z ned19 Regression Model 11 11/51n54 Minitab 18
ijk A ar

Factor Information

Factor Levels Values
feed rate 4 25, 50, 75, 100
vol of mat 4 125, 250, 378, 500

Analysis of Variance

Source DF Ad3i 88 2d3 MS F-Value P-Value
Model 15 1.7074€ 0.113831  393.08 0,000
Linear 6 1.67880 (0.279800 gg€.22 0.000
feed rate 3 0.41576 0.13858&  478.57 0.000
vel of mat 3 1.26304 0.421014 1453.828 0.000
2-Way Interacticns & 0.0286€ 0.0031&4 11.00 0.000
feed rate*veol of mat & (,02866 0.003184 11.00 0.000
Error 32  0.00827 0.0002%0
Total 47( 1.71672

Model Summary

S R-3q R-3g({adj} R-sgipred)
0,0170171 88.448% 89,21% 82.79%

311 2.17 1313 ANOVA 910 11/54A 53 Minitab
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Residual Plots for daimeter
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(FDM) Iﬂ&lgl"]gﬁ%ﬂWi Grey Taguchi ""?\3"l@%}ﬁ1ﬂ'lﬁﬁﬂﬂ‘klWﬁ}?ﬂﬂ%%ﬂﬁﬁ1ﬂmf?‘fﬁWﬁﬂigﬂﬂﬁiflﬂ'JHJ
y lag
9

g
Y

d’ Qg/ é s g d' A v A % a
NPINTIVDIVHIATUNUTIN 5 Yodenaulefne ANUNUIVOIFUTUIIU (Layer thickness), A

y 1 1 1 gll
N1INTINVOIFUITY (Part orientation), YU (Angle), ¥DII19TEHIITY (Layer air gap) LAY

[ o @ '

9 y
mmﬁﬁwawu (Layer width) 910N15398gNWVIINT 5 9850 nsHang1etiod YADAITY
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1890599999 NWH B3R5 1UBIVUIAFL LR 11 M SHAAGI8ATUTT Fused Deposition
Modeling (FDM)

Anoop Kumar Sood, R.K. Ohdar (8¢ S.S. Mahapstra (2010) "lﬁ'ﬁﬁ%"mﬁmﬁmimm
NuituiTes mimiﬂi"uﬂgmamL“ﬁmmwawumc?fymmﬁ"lﬁ'mﬂmﬁwamﬁ”wﬂﬁﬁ% Fused
Deposition Modeling (FDM) Taoiasuii 14 lunisdnudanalddasufnlunisdnmde anw
WLJHJEN%JWT;}‘LJNH (Layer thickness), ﬁﬂmamsfnwmﬁmm (Part orientation), 3§ (Angle),
$9991955 M990 (Layer air gap) HAZANUAI9UDITY (Layer width) udlua1ndsoanil 16
gartuliimsdse@uguauiifniang (Mechanical propert) vostua Tefananinainiu
U945 9R9 (Tensile strength), ANVLAWNTIADNT AI90 (Flexural strength) LA ATNUTUNT S
#9A15ATZUNA (Impact strength) H491ANANTIT ITINDIIAIUHUIVOITUTUIIY (Layer

e 4 1 wa T 1 1
thickness) 1aZANNNTIVOIFU (Layer width) BeiA1genaaufan1anazd uaseeI19szng

v
[

Y v H Y
U (Layer air gap) 043011 TNTANINAILA TUYULNNANIINITINVOIFUIIU (Part

v
orientation) TNwangeltivd 1Ay Ao ANTATNAUDITUIIY
g . ¢ 2 .
Mostafa Nikzad (2009) Ja3ha1sfnsILazInI1zHn 11595 1ha (Flow Velocity) 11

F
ﬂizmumswamuamﬁ’ama@wan lunsguIUNs Fused Deposition Modeling (FDM) Tawil

a

@ o o v a < :
WhvnenanfensWanniageaysznanaIadn ABS uaz man (Iron) 10% Faliauydgiu

q a9

Yy v
Tunsisediesdunons Ina (Flow) Aosagluaniizinddes (Steady State) agdoaliiing

d‘ . a o 1 a ay 9 @
nasugluny (No change in flow profile) 91NHAN13IVENUI TUNMIHAATUNIUA G TTAHAY

(] v A

g’/ a ¢ o Ad ) = a <3 .
WU W15 1lwesvan Niluainivuaiey 3 @2 Ao 8NN (Temperature), 11137 (Velocity)

U

1 =

% g}/ dy av o a a ay 9 1
UaEANUAY (Pressure) MNAUIIUIVYEITL YN aquwmmzﬂﬂumﬁwammma}wmag

a a

[ [ . < U o { { o <
5211714 209 -270 C anwmauneluiiaszdouiluamanudunai 39z ldanuslums

\l I 9 ~ VA A LA EN 2 ' 2 =
valuldreanusuGey uaaeniiaulalunuIdesuiiae wuanNuGINs lrnasd)
' A a ” A &R < A a A A '
MgeganvinalaeneesnvesiinadiminnuiEIng Imanusnuous Ao 0.001 m/s du
NS HUUaeN1900nU09¥IRAAD 0.081 m/s 2 FaNa 1A TANUUANAIIAUNINDS 80 1111
- o wva Aa 9 a
Mostafa Nikzad (2011) 18¥i1n1s@nu1nuandi@iFaniudounaziFana (Themo-
Y v
mechanical properties) UDIFUIIU 3 AN 1ANANAAR8ATLUIUNT Fused Deposition Modeling
1 A I~4 = o SIQ" d' YA md‘d
(FDM) WU ilowdunaman (fron) aalunaia@n ABS sgvh ldsuaunlaliguauiang lu
4 411D 1.) N1511A21W5 01 (Themal conductivity) 2.) A2109A1W5OUTUNIZ (Heat capacity)
3) dutian1anat¥e lau1iin (Dynamic mechanical) 1AL 4.) NHANTTUANUAUAIIULATEA

@

. . A o A a0 Ay =2 o o A o q v a
(Stress-Stain behavior) N ﬂJﬂ@\‘l'l“Ll’Jﬁ]ﬂunlﬂﬂﬁlﬂﬂQ@GﬁWﬁﬂﬁ'Juﬂ’l'ﬁWﬁ'iJ“Vli]g‘ﬂ'lGlﬁ%u\ﬂL!jJ

g
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v

Aad d Yy Ay o g ' 3 2o q
AUTNUANANTANN 4 ATUAD Glﬂﬁﬂﬁﬂiu@@inﬂﬁﬂlo% : ABS 90%UINT1INTURNAUYIAN ﬂ‘Vl'lcl,‘ﬂ
a y A A a £ Ay v A ' a =
LﬂﬂWﬁﬂigﬂﬂslUﬂ'luﬂuVlﬂ'lﬂJﬂﬂﬂ@ Glfu\i'luﬂvlﬂsll']ﬂﬂ'NiJﬂﬂ‘Viqu LlﬁgﬂWﬂﬂﬂﬂ'ﬁﬁﬂWﬁ@iu

v A

A 2 A A 2 A v < o a
¥0@ (Nozzle Wear) iHoannnarannnauas lUiimanuudsnuinn naanuudvearifa
A g A a & g o 9 a A ~
niluneundes BnNIvInAdUmIUgUINa D AdUNIIEANNANTYUIA 1.75 mm. Tuvaieh

@ < a i a
Ya1em199enueaiang Nuuiaiied 0.4 mm. uaz A1W59M3 lasslingeganusnulas
v A o Y a = = 1 < [ a A A =}
N19PONYDININA M 1AM SIToAT IS IINAran NUUSNAURINUa1eN1909n1091RA
o = =2 v A o 1 =2 a & g ' a oL aa g
UM IANNT IUHIRA LA HUNNUNTTANIBAATUIEINNNTRUNFUIU 3 1A F
1% Aa v < Y o
TaguaaAnediariulage
Y o =2 d‘ [ v A A [ 9 v
H. Brooks (2012) laviinisAnyuiteriinisesnuuuiiife nenusadSuvinaduniu
) .
ﬁuﬂﬂm\i‘lﬁ}(Two Stage Nozzle) 1un5LUIUNS Fused Deposition Modeling (FDM) iHie991nlu
o Y i J v A <3| v Aa A . Y '
PJa1u vuadurugudna1sveaiing uandunianai (Fix Nozze) Yu1addLaA 0.3,
Y [
0.35, 0.4, 0.45 8z 0.5 mm. aNUITeH ldiausuuifanmsesnuuuInausadsuvald
& ' 9 Py ' S o Y
FzamsaneuaueInems Ivnuinanratelueuinn 0e1a15na msUsuvuiaduniu
4 = S 9Y o v A = o v o ' Y T 4
AUINA1E Y0¥ IR NTDIINA AD WUNNANNTUHUTISHIVUIAVUFUNIUGUINAIS
v : 4 J
AU AUNINVBIFUNIY TAsase Fan151Ten1einog luanNYYL Y0 Staircase effect 111999109
9 ] o = ] ° sl&y/ A A = v A =}
I uruguinalstvua lng agv Iisuveswardanngninoonuininiiiae Juuia
] Y ' Y a [ v 1 g’/ 2
Tnaawnldde dawaliinaresinesenneyuyossunu
Omkar Rishi (2013) 18vi1n1sfnuInansznuvesdns1nistou lunszuiunis
. 1 a Y 1w 2‘/ [
Freeform Filament Extrusion (FFE) w11 lumstfoudunmadndigiiiaiu snsinsieu
I @ { o o s v
foluiedendiny Taen1sanuirluna’lnnisflou (Feeding Mechanism) in13 1o uidu
a . = v ] .
WaaAn luee952 UUA® 1. 52UV Feed-in screw rotational speed (UM UWMITIAANYY rev/min)
1 [ ] . 1
(8% 2. 52U Filament linear speed (¥ #1120A1539A 1Y mm/min) WUNTTUUMSIToULYY
Feed-in screw rotational speed A1 U8 ULAE IANWEDE5 AT ToUNINNT Taeviins
MYUAINUNITIANIBATING 118 (Flow rate) WU A19AI1N15110U (Feed Rate) tioifieu i1
oasimstloudia lndifeenuann Aolinuuanaig (Percent difference) 1B 3.38 — 3.54%
Thomas Hofstaetter (2015) 1@ 111715910049 (Simulation) 7153119140310 0 11
N3£UIUNIT Fused Deposition Modeling (FDM) Tael1sunsu cCOMSOL Multiphysics Lﬁ@g}ﬂﬁ
N52919A21U30U (Heat distribution) 11a£N13 1@ (Flow) WUI1HIRANNEAIINNOUNAD

v
o

(Brass) 321in15n352018A14 501 1dM18931nn 11938 AinaannTaadug uenainiudiny

q

-

v v A d’ a =) = A = a
ﬂﬁ%’iﬁ"ll@ﬂﬂ’)ﬁ?ﬂﬂ ﬂWﬁﬁ%TﬂﬂﬂﬁLﬁﬁ@ﬁ“’ﬂZMﬂWibh’iﬁ‘l/llﬁﬂﬂﬁ nannunlsisiu (Turbulence)



46
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v o q Yo Y a g A o 1A v W
m&‘luuaa ﬂ11ﬁ6ﬁ31ﬂ13ﬂﬂuﬂl’ﬂﬂlﬁu3ﬁﬂNﬂ??ﬂﬁﬂllﬁﬂu@ﬂmﬂ?ﬂﬂ'lmfJ']Jﬂ“U@GIi'IﬂWﬁVl‘ﬂﬂ

q U g

% 1 ' g . <4
%Qﬂgﬁﬁﬂﬁa@ﬂﬂQTNWUW%u (Layer thickness), ﬂ'ﬂllﬂ'i}'l\? (Road width) L% A1ULID (Speed)

Y
Tumswanduau
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EMIAWIUNU

Y v
umﬁﬁuauamiﬁnumm’mmﬁaﬁﬂmamwmiﬂau (Feed Rate) T FAIERTRTRTRR
wﬁ@ (

volume of material) NINAADNITANNIDUDININA (Nozzle Wear) 1unI2UIUNIT Fused
: o Aa I a
Deposition Modeling (FDM) G?NfT']11'I3ﬂﬁ§‘]JﬂTW?'JﬁJ%@Qﬂ?iﬂ’]iuUQWHEﬂHLLNUQN

awanald

[

' Y
Tuz1n 3.1 Taeliswaziduansse 111

3.1 MTIDALUUNITNANDY

3.1.1 MIDNUUUNITNANDY

Y
3.1.2 M590ALUVTHNUNARDY 1Y 11/511n51 Solid Work

v
v 1 a 4
3.2.1 ﬂﬁﬁ\iﬂ'lW'lﬁ’l?JLﬁi‘]iﬁ}ﬁﬂTﬂiLLﬂiﬂJ Cura

3.2 MSHIIUNIITNAADY

9 ]
3.2.2 MIAIANATOIRUNIIY 3 TR LUV Fused deposition modeling (FDM)

a oL
3.3.1 MINWUNFUIIUAULNUNTNADD

3.3 MINAavy

3.3.2 NMSHUUIAAVIIHINA (Nozzle)

U

@ a o
3.4 MTIAUDZAUATIEHNANITNANDI

o @ dan
3.4.1 M3 IAVUIAKTIRA (Nozzle) AI8NE099aNTAAIADA

9 - a 4
3.4.2 M35 1% 115453 Minitab 11N15AUATIZHHANITNADDY

31U 3.1 uEAIN NI IWYBINM TANHUOY
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3.1 NIDONUUUNIINAAB
3.1.1 MI0ONUUUNSNABDY
adanazszauiladanlylumsnaasy
o A aw <3
Tumsduiiuauiseldmseenuuunsnaaswuuudnnessamugallunsdl 2
[ o 4 i o
1298 4 52A U (Full Factorial Design Two Two — Level Factors) Wunseenuuunmvualdy
' g . v & :
msnageunn q mudeniiulyl1d (Combinations) voeiladunanua Fairldaruise
v
Uszurmoninavesetone Response 1A% 91D Main effect 11a% Interaction (Montgomery,
o o [ a [ 9 a a
2009) M1SMHUUATLAVVDIT98 11N ITNAABINIITAUINNAAYAULAT 1HINUISIUDINITHAR
g o A A Yo 9 ~ ' ' = v a
FUNUAIWNTIUITUUY FDM (0 I Uuu 11 uunwe N aananen1sanisovusdriing 1u
ddy Yy o [ @ 1 v Aa I [ %
asalil ldimsmvuaiasouazszauvousaziladsnasanlumsnaasauiiu 2 tase 4 seau

aauanalumsnen 3.1

A13519% 3.1 taseuazszauilasenlFlunisnaaos

1298 (factor) Heydnual 52au98 (Level) el
(SymboD). | .1 2 3 4 (Unit)
893517791 (Feed rate) A 25 50 75 100 mm/s
Sl A (Volume of
B 125 250 375 500 gram
material)
HAUAITNAADI

= <4 2 o o .
urunIsnaaosuusyuulnneFeaanglunsar 2 7998 4 52@Y (Full Factorial
Y Y Y
Design Two Two — Level Factors) 91U IUNATDUH 1 (Replication) 3 51 31UIUATIVDINIG

NAADIr1 1410 aunsn (3.1)

v
uuasalumsnaaes = 4k xn (3.1)
Tagn 4 AoduIuTTAUvBIAazilave
k Ao uutlasennasanlunsnaass
Y v
n Aesuunselunisnaaoam
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A o @ 7
Ndgyanyoln

A4 9 A
NYIUDIA

seavueatlaty A anunsedSunlasuld 9nseav 1, 2, 3 uag 4

sauvestlady B mnsadsunlasuld anszdu 1, 2, 3 uag 4

v v
mu:mﬂiﬂumimmimammﬁa Replication

H Y H
WAN13NABDIINNINAABINTATY A 1Az B 52AD i 1A j MUAIAUASIN n

9

A
$M139N 3.3

kY .
UNUAY i

Y .
UNUAY |

Y
UNUAY n

UNUAIY y,,

19YaINAITNANDIIL A WITOUAAT IAAIAIT 19N 3.2 LAZUNUNITNARDIAINITOUAAT IR

A1519% 3.2 ﬁﬁ%‘illﬁﬂﬂ‘ﬁlﬂyaﬁ]'lﬂﬂ'lﬂ"lﬂﬁi’]ﬂ

1J298 B
bl b2 b3 b4
al YurYiesYus Yi215¥Y122:¥123 Yi31:Y132:¥133 Yia1:Y142:Y 143
o a2 Yo115Y212:¥213 Y2215¥222:Y223 Y2315¥232:¥233 Y2415Y2425 Y243
lave A
a3 Ya115Y312:Y313 Y3215Y320:¥323 Y3315Y332:Y333 Y3a15Y342:Y343
a4 Yar1>Ya12:Ya13 Yar15Y422:Y 423 Ya31-¥432: Y433 Yaa1-Ya42:Y 443

A15197 3.3 ATNUNUNITNATDY

Exp. no. ﬂ%%wﬂ A : ﬁ%i]wﬂ B ¢ L Nozzle Diameter
1 25 125 Vi,
2 25 250 Vi
3 25 375 Yi31
4 25 500 Yia1
5 25 125 Vi
6 25 250 Y122
7 25 375 Vi
8 25 500 Vi




A137197 3.3 A5 1UHUNITNARDY (ﬁ'a)
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Exp. no. Feed rate Volume of material Nozzle Diameter
9 25 125 Yiis
10 25 250 Y123
11 25 375 Viss
12 25 500 Y143
13 50 125 Yair
14 50 250 Vo1
15 50 375 Vs,
16 50 500 Vaur
17 50 125 Vi
18 50 250 Y22
19 50 375 Vs
20 50 500 Vosr
21 50 125 Vais
i 50 250 Vrs
23 50 375 Vass
24 50 500 Yaa3
25 75 125 Yau
26 75 250 Vi
27 75 375 Vs,
28 75 500 Vaar
29 75 125 Vi
30 75 250 Vi
31 75 375 Vi
32 75 500 Y342
33 75 125 Yiis
34 75 250 Y323
35 75 375 Y333
36 75 500 Viss
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A1519% 3.3 AT NURUAIINAADY (G]'ﬂ)

Exp. no. " ' ’ Feed rate o ,Vblume of material | Nozzle Diameter
37 100 125 Yair
38 100 250 Yaor
39 100 375 Vs
40 100 500 Vaar
41 100 125 Yair
42 100 250 Vars
43 100 375 Ve
44 100 500 Yaa
45 100 125 Yai3
46 100 250 Yans
47 100 375 Vass
48 100 500 Yaaz

a 4 4 o { A
Gluﬂ’]'i'llﬂﬁ’lgﬁf“lﬁﬂ’]ﬁtﬂﬂaﬂﬁ lﬁ@ﬂ’]ﬂ']jcl/]@a@ﬁﬁ'lllllwuﬂ']ﬁWﬂﬁ@ﬁﬁllﬁﬂﬁ‘lﬂUQ1§1Qﬂ

Yo ~ =
33 LLE‘]&’Nﬁﬂﬁ‘ﬂﬂaﬁ]ﬁfﬂgLLﬁﬂﬂ‘lﬂﬂﬂﬁniNﬂ 3.2 IG]EJEJ

Ao slos o st dos I
yijktmu Response 1NNITINANDINTEAL 1 UDILIWY A 581 ) UDILUIWY B ATIN k

v Y Y ¥
F¥99eTvoUaNIUA 48 210N 1INAABY 1auiad8iaa0IaINane Response A4N (Fixed

U

Effects) 1182 Response 310NSNAROIAINT0UNY IAFIEAMUUNITDA AINENNTN (3.2)
Vijk = U+ T+ B+ (Th)ij + Eijk (3.2)
Taeoh i=12,34
i=1234

k=123

e u UNY ANNDYIINVDI Response
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T; unu dnSwaveadedy A szAui i"

B; unu 8ndwavestesy B szAUM i

(t8)ij unw  anSwasawszndieilady A uaziede B szAUf i uag "
Eijk Wy AAmARABUILYuYesNINARes 53R i, " adef K"

Y

v v
aumsh (3.2) 050191471 A1D3 Response 1INNITNATDILADZATIVZIUBYAUDNINANEAN

a A 1

voeiledy A uag Buag answasauszninetleds AB daunulddae 7, B; uaz (78);;

o W a ¢ & a T a A [ ]
Mua1au lum s ey FedeemsnagouauuagIud onsnwavestlate A Inanse lu

@

aNwavolady B linaniely uay onswasiuizri1eilade A uagB Inavselu Taen1s 1y

a A A o v A v o w < @ dyw = I a Y v dy
NINATDUTNUATIUINDIUIUNDAWTNUYTIALY 0.05 1uaa%Ia ﬁJﬁlmﬂuﬁnuﬂgm‘lﬂmu

INTNAVDT990 A: 00510131101 (Feed rate) UWan3o 1y

A

AUYATIUAD

a [

H,: 9n3navesdnsimstou lilinadevuiaueiiifa (Nozzle diameter)
H,: 8n5navesons imitouinanouu1aueeriang (Nozzle diameter)
Taoii

H,: T 9T, Py, 7\

HeTy #7551 #j  8tnidos g

ansnaveeilevy B: USu1av093a9 (Volume of material) HHAH30 13

auyAgIuAe
H,: onswavesfsuindeg lulinansuiavo91iina (Nozze diameter)
H,: 9n5navelsmuiaginanevi1aveeriing (Nozzle diameter)
Taufi
Hy 1= B2 =, ., Bp
H:f; # Bj;i#j otwideslq
aNENasIWsznI11917998 A: 95101550 U (Feed rate) 1oz B: YSu1a1v09399 (Volume of

material) Hwansely

A

AUYATIUAD
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H,: 8nswasusznnadeselilinanevinavesinne (Nozzle diameter)

H,: snsnaimsznnsdaiolinanouniavesiiia (Nozzle diameter)
Tagil

Hy (TB)11 = (tB)12 =, ) (TB)ab

H: (t8)ij # (TR ij # kI edradeu g

= a % D) L. A a o
Falumsdnsizrinaas lda1519 ANOVA 1uTa5un534 Minitab INDAATILHHANITNADDY LA

a 4 A 1
'Jl,ﬂﬁ']3,’11ﬂ'ﬂiJﬂﬁ’lﬂlﬂﬁ@u‘u@ﬁﬂ?ﬁﬂﬂﬂ@fm@qﬂ

3.1.2 eonuuuTHNUNAaadullsunsu Solid Work
£ 9 9 Yy o @ @ oo 9 A
MseenuULTuNunaand ldeenuunliaeandainuszaudatenivuall e

v Y
Winmvesag dsamnsodniuidninauns (3.3) uag (3.4) Ao il

m

=l 33
PsspLa = Y (3.3)
m = psspLa XV (3.4)
9 psspra A9 ANUNUILULY (density) YBIWANEAN SSPLA #eiin12.38 g/em’
m fie 151109399 (gram)
\% Ae Ysiasueedaq (cm’)

A g oy 92 Aa ¥ o & o =2 9 Yt
ol 1dFurunanesiftimiinguag 25 niu Jsdesoentnu1fivuIA 10mm x 17.5mm
Y
60mm (1319 x g1 x 819) TavTl5uATY Solid Work gashunlFluniseanuunsuauldds
= § < 0 % $ o g
wanslugUd 3.2 Wevhmssenuuuudaadsdeuheen Tdluuwana STL iifev Ild lids

1 a Jd o A u’ay an o A 9 1
ANIneae q tasdaiuanau 3 56 Awanalugli 3.3 dawldsunsy Cura do 'l
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.g~@.ig.%.;g G Y smir oo L | S5 S
P ot B me Wwm | OR

s B omeatin | 1P Lo 9 pu 3 e | B G
B semamca | L L gy e v |

N I

i
Vit

KRR | “isometeic
[Sobecycons Vrvmare i o s g i [

v Y
31N 3.2 weraamseenuuuFUIUNane Iag1Usunsu Solid Work

H 9 v
7U7 3.3 uamsruaunaas 3 1A lagns09 FDM

=
3.2 MAAPUNMINAADY
o ¢
3.2.1 MMM NAne5aeldsunsu Cura
I g o 1 a S A A 9 ° [ 19
WuuaouMIMuUAAINIT 1IN A1 9 Mnedveslunisiiausuny
4 a 4 aa ay 4 o o
139NN 3 A uuy FDM FuauiudasIaluwisana sa Aedeyatindruesldsunsy
[ A 3’1 1 o 2 J @ )
Aweasluzli 3.4 Msasa1ensnmstlou (Feed rate) Fuuiatelunisnaass azgadivua
g’; dy gl.: = a o Ay o Y A Y a £ Y
Turupeull venvnUUGmmINTmesda1e q Mdestmualfimnzauie 1¥nansuaula
] =) A a ﬂ"Qy aa Y A 1 [
BU1NNAVNIN LATDINUWTUIIU 3 UA uVY FDM 2219 1150n51 Cura 1¥oudo Taonsiny

o

A a A 9y ad ° A = a s o o o
IATDOINUN 3JWUTVIﬁ\?ﬂ']uilﬁzﬂjﬂﬂuﬂ'liﬂ']\ﬂu‘U@\nﬂi'ﬂﬁ TﬂfJiJWﬁmLGl’élﬁ%mﬂig ﬂ\u!ﬁﬂ\jiu
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A 1 a o o < ' &' . @ A A
M1319N 3.4 m‘mimmaﬂumﬂwzgﬂﬂmumﬂumwugm (Basic) mgmﬂﬂugﬂm 3.519
o A 2 ¥ v 9y 3 9 v & g Y g Vg ¢
mmumﬂuauumummamgmami%m’eNvnmi'uu‘nﬂeuayasummimmmu"hzﬂu"hda
9 a g’/ dy g’z d' o Y g’; 1 A a 9 [
RENIGN mu“lunﬂﬂiwmmﬁmamfﬂzclﬁnmsmmmuaummﬁua EJﬂL'J‘HE’)ﬂiWﬂWiﬂE]L! (Feed

: I [ [J ' g’/
rate) Fuiluilotelunmsnanss wgammuamuunuminaassludazass

A 1 a o o 4
AT NN 3.4 mﬁmmmmmimmaﬂumimqmmmm%a FDM

W55  anunng

" . | WSuuasanuaziBenvesnnugaveuduiagfifesdany
ANUGIVRIF IO Y g
Tunaazyuiudludsdagyouaunsnlunmsyeldsuaun
(Layer height) s g |
WUWOONWINAMNIN

ANUNUIVUDU (Shell " o 2
WUNIIZYANUAUIVDIMTIFUIIY

thickness)
7 A 9 % [ tt'l v A A
ﬂ?ﬁﬂ@u?ﬁﬁ] (Enable mmmmmﬁlummaumamgumu’m@ﬂamuawmmﬂaa
{0 ] 1 a n’Qy
retraction) ﬁWWH‘If@Q'J'NGlHSUﬂWWNW%HQTH
ANUNUIVU/A Y N )
GI.“K‘].]T]JﬂTIﬁJ"Hu1%@@WHW’JQ]H'€’I1QLLQ$@1HUH
(Bottom/top thickness)

: MY I : 2 2
ANUMUWUU(Fll density) | TFUSumANUrL U UVDUHD U

< a 4
AVLTINTWUN (Print 3 “ -
WumsszyanuE lumsiuisuau
Speed)

aa 4
QUNUANNUNWIIY (Print .J _ .
lammuagurgilumsnum
temperature)

sUuuulassadesessy | | . .
Wumsfdmuagluvvveslasedinesessy
(Support type)

I o = [
Usznnnsfda (Platform | Humamruatlszinnmsaadulassseveslnseadng

adhesion type) 39951

ﬂJuWﬂLfBT}u’Slﬁﬂ(Filament o i v o Lo - .
Wumsmmuavuaduiagnlslunsnunwau
diameter)

8031M13 IM@ (Filament | . 3 Yy
Wumsfimuasasimstouduiag
flow)
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317 3.4 T1lsunsw Cura

Basic | Advanced | Plugins | Start/End-GCode |
Quaiw - S
Layer height {mm) 0.1
Shell thickness {mm) 0.8
Enable refraction V!
Bottom/Top thickness {mm) 1.2
Fill Density (%) 100
Speed and Temperature
Print speed (mm/s) 100
Printing temperature {C) 220
Support
Support type
Platform adhesion type
mt " N SV—— SR —
Dismeter fmm) 175
Flow (%) 100

JUN 3.5 uﬁﬂﬁmimmwwimmmmqq TuTdsunsu Cura

A a  d o 1 4 a < aa .o
3.2.2 1ATINNNWIIU HAZNIAIAUATOINUNNIU 3 AR UUD Fused Deposition
Modeling (FDM)
aw 4 a 4 aa o .

lumsitolfaTeeiuwa1y 3 U@ UV Fused Deposition Modeling (FDM) 1/5210%

. = Y A o =< . 2 A v A
Cartesian 819 Inventor-3D 1A50992 411914 laen15ga (Fix) unulumsindeunveariinalu

A yyy Y o a @2 A4 A a A 42
unu X, Y 29lddneun wihmds aaugmiusitivezinaeuilu uouuud Z Aemdeunvuag

[ A zé o a 9 1 A o 1
muﬁﬂﬂugﬂﬂ 3.6 INUNUNITNADNDY A?Jﬂﬂﬂuuﬂ”liﬂﬂﬁ’t’)ﬂ‘lﬂi‘l"liJﬂ'WlﬂWW‘Hﬂ"l'ﬁuLM'ﬁg
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]
T2 o

[ o { o (] Y ! 2 o o A
szavveetlavy azilaouldiifaluundsludums ldauneuisummaasluszauiedten
2 1 % 2 %
uANANNY 1A Nt uRIRavzgnit liiauuuadaug wazdamanudnusediondos
2 & A o A ) o ey . v o

yanssd luvuaoumsilasunineg 1zdoineayniiifa (Extrusion set) 80 lasldilszuatu
1 v Y

aanaaalugii 3.7 vazluduasumsdsznoumdidesiinisdivszauiinasuauld
é 9 [ g’/ d‘d d’ v A [ [ v A Y

Nz Fadesrih lunnassniinmsnldouiinalaslunmsiiussaugaiinazldnszay

d 4 o QU o o 4
WelumsiieuiellSuszavvesriang awaaslugiln 3.8

51/ 3.61A5097uNWe M 3 3@ 11D Fused Deposition Modeling (FDM)
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317 3.7 vamsiumeuMInlasuiing (Nozze)

= @ [ v A 9 <
317 3.8 uanansUsuszaugarine lagldnsea i

33 NINAADdY

Py 4 < aa
3.3.1 MSNUNTUNUM AT RN 3 A UUY Fused Deposition Modeling
o a a Py = J o a @ dy A a 4

mMsantiumsnunsuaulenlszneulunsauiunuaeil 1) nsoanNuwaIY 3
aa a J o 4 a J
UALLY FDM 2) 300aA9Ha 3) AoNNAABSAIUANNITIINIY UAZ 4) 30UAAIADIULIATOINUN
[ A a Py = o A I Y @
auaasluzln 3.10 mynunsuauimsauiumsiuduaeumuununsnaass awdaslu

& 2 A g oy ) o2 ! o 2
ﬂﬂ 3.9 ﬂluﬁ@uﬂ'ﬁcﬂﬂa@QliﬂJﬁu@]?ﬂﬂ']iuuel”llwa%uQ'IU/L;(TlJﬁ!lﬂjiJ Cura IAINTUNULLDY

W)}

ee @

1 a 1 o 1 @ [ o
NATWITTIUEABIA 9 Tumsmaruaivuaazszauiady ATIVTDUTDIUSNITNINIUUDY

=
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A a 4 9 a Sa A Y U o a o’f-ay [ A
1T INUNIEANUNABIVBINI TN es NNyt snaud I UL AdudasTug N 3.11
& dg/ I A a Py Y @ a oA
msasedevluruaeulilumsasiuienrugumsiunsuauldasanumsiinesn

° Y A Y Y S o A v a oL @ =
mnuald ilensnaeuanugndewdudiasduiiums denunsuay dwaaslugli 3.12

i ' Y Y
13039z E AN IdTuaY 3 5 Tunsude ldfensasivdeudSunafagauununs
k4 ' o nm 9y Aa A o Y Y o A = 3’;
naaoIInasaeundmu1es i ldsuammisiuall szdesdutiunsnanesdnnsa
& a P Y A o A o v A Y @ o

uazdanunes s ld S inadagauununsnaassimnua 13 e I8 e daamuununis

a o

Y A 9 v A . =} A v A A
naavy Gl‘l’i“r‘ifgﬂlﬂi@ﬁ LLﬁ%iE]bl‘ngﬂﬂ’Jﬂﬂ (Extrusion set) ugurguanal mmsiasuiname

U

° ' o o 1 oA A 1 ¥ (A v A o v o oA 9
M ldruadaung uazdaa e umsnaasssou vy 1l deuriife Ususeaurifels

wHoudmsumsautiunisnaaosao 1
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¥
i]mwwmmiﬁmmmu
v

J a d 1 o o
FRATWITTIUIADIAN ) LLaEﬁﬂ"Muﬂ@@iWﬂﬁ‘ﬂ'ﬂu (feed

A o v
rate) mmmumimaawmwuﬂ%

A\ 4

o 4 a <
maﬂﬁauaﬂmzmmwmmam‘%mwuw

A3ABUAIINGNADIVDN ligndas

WAL A9 LAz

A a ¢
IATOINUN

= = aa g <
NAATUITU 3 WALLAALTTD

g1l ldaunsmua'ls
PFnaiagauununs

Ao v
naapInivua 'l

1denunnmua’ls

1Wagurang (Nozzle)

A4

C IUNTTINAAD )

{ a S a 4
gﬂﬁ 3.9 HAHQULTAVUADUNITWUNNIUATNLRUNITNADDY
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LASDIRUN 3 PNDLAAIHNANTS ADUNILADS

3% wuu FDM AIUANNIITLADS AIUANNTTYINAY

AULFAINAROUY

YDILATDINUN

{ o A AV 4 a J_ aa .. .
3U7 3.10 aasMIAUHUNIT NUNTUIUA0IATDINUN 3 U 11U Fused Deposition Modeling

~ 9 o A a o
31]1/] 3.11 AUNOUEAITDIUENITNINTUUDUATDINUN
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e 3 .

o r}iﬁf BT,
Yo 738 [
Pk sinloctveon: Sl Ve SRS . < .

= Y ° v o U A 4
gﬂV] 3.12 ‘Vi‘L!"IG'I'NI‘LIﬁLLﬂﬁNﬁWﬂiﬂﬂTﬁﬁWNWQTu

3.3.2 MIHMUINAVINNING (Nozzle)
v a Aq v A a < aa .. .
HIRA (Nozzle) N1F1utATOINUNWIIU 3 U@ LUV Fused Deposition Modeling
= .d'q 9 1 = [ z%l é
(FDM) dnateviia Nilouldauluaiivninasil 0.2 mm, 0.3 mm, 0.4 mm 18 0.5 mm a9lu
aw Y v A [ A y a v Y o .
M3z 191IRav1IA 0.4 mm Auaaslugiln 3.13 awisaldwannudieduiag (material
~ ] 4 4 o A <4 1
filament) NHvWAEUHIGUENA1 1.75 mm InMINAaeulofiiunsnaaowduaseluus
[ ] C4 @ 9 ' @
azﬂﬁﬂﬂam%’mmmmzﬁumug{uﬂﬂmwﬁﬂ (Nozzle Diameter) Iﬂﬂﬂ?ﬁWﬂlu?ﬂﬂﬂ]?Wﬁ
naaa (Cross section cutting) ﬁﬁlLﬁﬂﬂNgﬂﬁ 3.14 #1810 909 (Milling machine) 1o 1

o @ oA 9 @ A 9 Y dan
ﬁ"lll'ﬁﬂ:]ﬂ"llu1ﬂﬂl@ﬁ1’i'§ﬂﬂ1’lw1uﬂ'lﬁslalf\i'luﬂﬂllﬁﬂx‘iﬁlugﬂﬂ 3.15 AIUNDDIYANITTAUAIADD
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=
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317 3.13 aRa (Nozzle) N1 Tuaude

3.14 aNHULAITALUIAAVIG (Cross section cutting)
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Y]

A a Ay v ' o
31]1/1 3.15 iMnA (Nozzle) W"lﬂﬂ1ﬂﬂ'lﬁﬂ'lll,u')ﬂﬂ"’ll'ﬂq

(Y] ¢
34 MIIANAZUATIZHNANIINAADY
& v = . v v daa
3.41 MIINVUINYKINA (Nozzle Diameter) MIUNABIYANITIAUAINDA
Y v
% @ @ - o daa
Turune U5 IAULIANIRA (Nozzle diameter) 119z l9ndoeganssminsnea
Tumsdavnauazaienm awaaslugii 3.16 uagihaii ldnans fanmiusinasluaiss
< Ay Y & 3’; o A Ao 1 dy
NuWan1InAnei lannmsesnuuunsnaass daunoulumsduiiuisne liil
L4 d 1
1. AsRdeUANUNSoNYRINdaIganssAiiazglnsain1l g
Y
2. mmsaeglyuan Tasmmegildmlasvowizng
Y Y J o v v A
3. 19 Tdsunsuueandesganssaidnuinvesgaiudalovesiafia (Nozze

diameter)
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~ ] Y dan
3U7 3.16 uamamsinvuia laelisunsuvesndesganssamiainea

d
3.4.2 M31¥)sunsu Minitab lumsBnsizsinanisnnasy
o a 4 a an 4 o
Tulsunsy Minitab gmihun 14 lunisimsizvinamsnaneuada edny1sns
M3tleu (Feed Rate) 1az13u101909389 (volume of material) AliHaRaATAANTOVB N IRA
a 4
(Nozzle Wear) 11415202115 Fused Deposition Modeling (FDM) 51881880 lun135 315124
Y 302 o Yo 0 _dp<s _ LR A Y,
wa'lanan 13udrlusiaden 3.1 lumsandiunis19151n53 Minitab 17 Free Trial B39 Unow
Y
nan luMsA UL UNITAall
ad A
1. a1l S5 A%0 1aZeoNUULAITINNIONNANATD
o 9 d' Y
2. vhmsnsendeyain 1dAvIAMsnaans
a 4 LY
3. ANTIEHHANTNAADIMEWINTU ANAVA Two Way
a 4
4. 1901519 ANOVA lumsainsievinanisnaass
] 1 @ a 4
5. 19n519A19%) Y09 Residual 1azA fitted YOIAUIUY Regression JMIAATIZHHA

N1INATD



UNN 4

HaNSNAADWAEMSIUATIZH

Tuunii N sNAneLaEMT NI iNAN1INAa84 1AN1T 3N TIZHHANS
naaowLeandy 2 49U A NI UATIEHONTNAVDIBATINTTIOU (Feed Rate) tazi)Suas
V09729 (volume of material) NfiHad0n13FnNs0U031RA (Nozzle Wear) Tunssuaunis
Fused Deposition Modeling (FDM) 1aZn1531A512H 003101580108 IRA (Nozzle wear

rate) 1UN52UIUMT Fused Deposition Modeling (FDM)

41 EamMsnaaed
wamsnaaoslunaazszavvesilavouaaslunianuini 1 Tasansoaguans
@ A % o A I
NAD091AAINIT 19N 4.1 Faudawauo ImMsANTuNINAaBIMULKUNITNAADI Inauaa iy
v A . v A = — A 9 v
YUIAVDININA (Nozzle diameter) 1A YUINVOININAMAY (D) NHIUM T IFIUAINEATING
10U (Feed rate) ng USuraiag (Volume of Material) U5 AUA199 4 S2AD ags1uu

v Y
NATUL (Replication) 3 41

A15197 4.1 VUIAVBIHINA (Nozzle diameter)

~ B: Volume of material (g)

Nozzle
diami wd 14 ol £ tactlON”
s iU el Ay ®s 35 500

(mm) _ _ _ _
nl n2 | n3 | D; | nl n2 | n3 | D; | nl n2 | n3 | Dy | nl | n2 | n3 | Dy

%\ 2 0.48 | 0.53 | 0.64 | 0.55 | 0.46 | 0.55 | 0.83 | 0.61 047 | 0.68 | 0.78 | 0.64 | 0.55 | 0.63 0.80 | 0.66

g

:'; 50 0.53 | 0.64 | 0.80 | 0.66 | 0.54 | 0.61 0.96 | 0.70 | 0.54 | 0.81 095 | 077 | 0.62 | 0.80 | 0.94 | 0.79

P ,

£ :

'8 5 0.58 | 0.69 | 0.89 | 0.72 | 0.59 | 0.71 1.05 | 0.78 0.58 | 0.86 1.08 | 0.84 | 0.70 | 0.87 1.04 | 0.87

Q" 7

I

<‘: 100 062 | 074 | 098 | 0.78 | 0.63 | 0.77 1.14 | 0.85 0.67 | 0.94 1.11 0.91 0.75 0.93 1.12 | 0.93
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42 MIANNHHANINALA
4.2.1 aNTWAVLI8NT1NM 510U (Feed Rate) 1az1/33114v0 9704 (volume of material)
fiinanemsdnnsevesiang (Nozzle Wear) 140321213 Fused Deposition
Modeling (FDM)

1NHAMINMINAEeluA15197 4.1 udaswamsiiuiindoyavesruinuesinfia

v '
v ] I

] a 4 @ a 4
Oﬁmﬂedhnwkx)ﬁNWHﬂWiWNWQTuﬁ1N3$ﬂUﬁﬂﬂﬂ‘HWNﬂﬂ1iﬂﬂaﬂﬂﬂqﬁN13%ﬁ1$ﬁﬂ?1ﬂ

wlssauvestfidenionTnanovuavesiananiiedian 0.05 (@ = 0.05) (Kohout, 1974)
4

a aa [ a Jd ¥
195 T150n50AI 12 N19eDA Minitab 17 asuaaslunisiasizviae 145

4.2.1.1 m3unnzHinnuulsysiu (Two-Way ANOVA)
a 4 A R @
M3 AATIZHANUIYTUTIU (Two-Way ANOVA) iieAns1v11]ad8
80131M31J0U (Feed Rate) 1102 USu194U99789 (volume of material) ATIHARDA15FNYTOUD
#1199 (Nozzle Wear) 11405212115 Fused Deposition Modeling (FDM) H491415011WaN13

naaeelumsned 4.1 ndalasldldsunsy Minitab 1dnadauaaluzli 4.1

Factor Information

Factor Levels Values
feed rate 4 25, 540, 75, 1400
vel of mat 4 125, 250, 373, 500

Enalysig of Variance

Scurce DF  Rd4] 88 Adj M5 F-Value P-Value
Model 15 1.70746. 0.113831 393.08 0,000
Linear 8 1.878E80 0.279800 966.22 0.000
feed rate 3 0.4157¢ 0.13838¢ 478.57 0.000
vel of mat 3 1.28304 0.421014 1433.8%8 0.000
Z2-Way Interacticns 9 0.02866 0.003184 11.00 0.000
feed rate*vel of mat 9 0.028¢6 0.003184 11.00 0.000
Error 32 0.00827 0.00023%0
Total 47 1.71872

Model Summary

5 R-3g R-3g9({adj} R-sg{pred)
0.0170171 99.46% 99.21% 98.79%

{ { a 4 ..
319 4.1 udAgA1519 ANOVA 1 1891nM153n 5121820 11/510 51 Minitab
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o A o A o a J Y v A
1ARaM AN 1Ag 111Ny Minitab a3 4.1 handmsizvina lansn1s1ei 4.2

! a 4
A1519N 4.2 MTNNITAUATIEH ANOVA

Source | Sumof | .
' i . | Deoreeof |  Mean . o
of squares | o B Fapiv2 | P-value
. freedom | square (MS) |
“variation |  (SS) .
A 0.41576 3 0.138586 478.57 | Fy 5,332 = 2.92 0.000
1.26304 3 0.421014 1453.86 | Fyo53,32 = 2.92 0.000
AB 0.02866 9 0.003184 11 | Foosesz =221 | 0.000
Error 0.00927 32 0.000290
Total 1.71672 47

v [ 4 v
nnmsidaaiuvesaundonnuruls (Fy) Inganssufesuisuazviin I aaiuns
a 1 A A @ = T A o o w A 1 a o
AATIENNONINANNTTT8 A, B uaz AB Unnva1alidodiagvse b szlszilianninacsives
AV F 00 A8 F, 1 7 W0 V, UMY Degree of freedom ¥04A1MAIADURT0UD958 (Mean

v [}
square) UDIAINY LA V, LINU Degree of freedom V99A1 Error F9A1 F ’Jﬂt’]@lﬁﬁﬂiﬂﬁﬂﬁ}mﬂ
115 1901519 Percentage point of the F Distribution aterasluniamuan a
a 4 % a 1 a A 1% T
lunsansizdma Fesdoenisnaaevuauuigiudl ansnavesleds A Tnande'ly
a A % = A ] a A 1 1 (% = A 1 9
ansnovealady B nanse lu uaz ontnasiuszninetleds A uaz B Twanie i Taumsld
a A A o v I v o w < o dytu a a o
MInadeuTuNAZINREUSUNAad SN TEd AT 0.05 1TUAT 0 lasssdJasauudgiundn

ﬁ' ¥ S 1 v é =) a % dy
tea Fo Unmnnn1Fy 1 4, Felinamsnagouauungiuaaid

anFnaveafady A: 9n51M31eU (Feed rate) Twan3e lu
auyAgIuAD

H,: 9n5naueonsimstlou lalinadevuiavesiiia (Nozze diameter)

H,: 9n5nau090n51m5toulinanevu1avedtinng (Nozzle diameter)
Ufrasauufgiundn H, e se1nan Fo = 478.57 41091 A1 Fy 5332 = 2.92 taza1 P-

a1 9 1
value YA1UBDYNI 0.05
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a A [ 2 [ . IS A 1
answavefady B: 151101909909 (Volume of material) nan3o L

AuYAFIUAD

a Aa

H,: answaveslsmadag lulinanevuiaveriaia (Nozzle diameter)

H,: 8n5naveIlSinaiaainanduu1nvoIiing (Nozzle diameter)
Uiasaunfgiundn o, iesainan Fy = 1453.86 41091 A1 Fy 95332 = 2.92 uazal P-
value #A11108A 21 0.05

NENaTINIE1 31910938 A: 603101510 U (Feed rate) uaz B: USuraiu09389 (Volume of

[«2))

material) Uwanso laj

a

ANYAFIUAD

H,: 9n5naiuseretfie lulinaneuuiaveadidfg (Nozzle diameter)

D

a U

H,: 9N5Wa3035211919900HaA0 1L 1AU09%I1RA (Nozzle diameter)
UQiasauudgiuran Hy 1ifiee91na1 Fo'= 11 81091 A1 Fy 5932 = 2.21 a1 P-value 1

ANMtoen1 0.05

a o T v @ @ (2 [
1AM AATIEHRAMINAaeIRIagl Iannifadedasimsileou eselSinavesiag

a 1

a o o d ' @ @ a [ a
uagdaunussznnelitvvesdanistou nagdSuimvesiag U8ninadevuiaves

NINA

a ca A v d‘d v v A
4.2.1.2 ’J!ﬂi]Z‘ﬁEmﬁWaﬂlﬂﬁﬂ%ﬂﬂﬂuﬂﬂﬂlu1ﬂﬂlﬂﬁﬂ’aﬂﬂ

a o Y Y 3 [l
i)1ﬂﬂ13'Jlﬂ3125'1’3?]'3'1%1&1’51]5’314@]&]@131@ ANOVA meclmwuama

v A ) 1

A v o w 1 ?.’, a v A 1 = % a o v J 1 [ d'd
UdvdAgnaefatslansnanevIAYRIHIRA WUIAEIN VU duRussznIetadeil
A a 1 v A A o 9 <4 1 =} [ 9 [ @
ONBNAABYUIAVBININA 1WBIITDYaNINARANT NI EN IR INANUZAUTITBvDITedY

[ [V 9y 3 a a [ [ a 9 [ z:'
vanuagatsiamszuansviiunaveseninavesedeluanyuziFudunssnwanslugli

42,43 uaz 4.4
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Main Effects Plot for daimeter

Data Means
! feed rate vol of mat
1.0 i
, .
//l
09- /
. P
I 08 i /
. y
£ o
07 /
, .
»
06
¢
05 y
25 50 75 100 125 250 375 500

3U7 4.2 namuansvinavesiRanuszauilatevesfatrannidesiady
a ~ 1 Y a a [
Worsanamlugdn 42 wunnsuaasliiiunavesoninavessasinision

(Feed rate) 102151194709 (Volume of material) 1uanyauzidunss Anau'ldin ien1ves

@ 2 X v A A X 9 = ) = )
@@lﬁ']ﬂWﬁﬂ'ﬂul‘Wiﬂlu51]1!1@%@\11’7')%@%3&1"116111!@38 L%ukﬂﬂ?ﬂﬂﬂi']ﬂ‘llﬂﬂﬂﬁﬂ?ﬂ!?ﬁﬂ

Interaction Plot for daimeter

Data Means
12 i feed rate
" [ p— 25
1.1 . - L —. 50
- PN IR 75
10- ,/’ et B 100 |
r‘/ ) Y & A
089 Rt _-7
e 1/ fﬂﬂ’ - P
S 08 AP o P
= i w,,“,/”/ //
07- AT a ,w‘” P
- P 7
Y v - s < 2
. -
06 P - e
. -~ -
05-
P
04- ) ,
125 250 375 500
volof mat

31U 4.3 nauansvinavesiRanuszauatevesdaninas sz nalsuadag

(Volume of material) HAZ0A51N13 10U (Feed rate)
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Interaction Plot for daimeter
Data Means
12 vol of |
! A mat
1.1 e —e— 125
P s 250
10- s - i e o 375
//" - Mﬂr. e 500 |
09 " R
e . e ¥
o 08 r's e
= o |
07 e _m T
Y3 —— &
A I
06 e e
[ Sl ® T B
05
.
25 50 75 100
feed rate

3U7 4.4 nsmluaasvinavesiaRanuszauiladeus @ nEnas I zHINBRTIMsTou

(Feed rate) wazsuiada 9 (Volume of material)

a A ' Y a a U g’;

Worsna W1zl 43 uag 44 nunnsuaasiiiunareBnEwaswvoIns

aoatlady ludnvasidunse Mldnvagveudunsmuazuwr uveudunslndifoasuyn
a

% v A Y d‘ 1 o =) [ 2 d%’ v
szavuilade Glﬂ’ﬂil'lﬂ’ﬂ Li.lﬂﬂ'I"UE]Qﬂ@i1ﬂ15ﬂ@ullﬁ$ﬂﬁﬂ1ﬂ!’3ﬁﬂLWN%H%HW@]"U’ENW'J‘AQ%%

A 4’@1 Y @
U Ty TuReany

4.2.1.3 MINTIVALUANNGNABIVBIFUNLLNINAGDI (Model Adequacy
Checking)
I
ﬂ'li@]ﬁﬁli]ﬁ@llﬂ’NllQﬂﬁjﬂﬂﬂlﬂx‘lgﬂuﬂﬂﬂ"liﬂﬂa’é]ﬁlﬂuﬂ"lﬁﬁiﬁli]ﬁ'ﬂﬂ
v ) Ay v o ¥ o
ANUMIIEAULAZANNYNADIVDITRY AN Iau1aInnsnaass Tasmsthdayauimaeasm
4n5 198 Ts5unsw Minitab A9 N 3519 Normal probability, 51N Versus fits, EREIE

Histogram 1182031 Versus order ¥anan13nsnasuausouanslanazili 4.5

Y
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Residual Plots for daimeter
Normal Probability Plot Versus Fits

% ) j 0.030° o 0
: OAUTS i » Ll - »

Q‘:il

ey wr
(=] (-]
&K.
Residual
.
- w LI
~ -

0,015

20.04 002 000 0.02 0.04 oy g6 . 08 . 48 A2
Fitted Value

Versus Order

Frequency

. ) ) 75 0. 15.20 25 30 .35 40 45"
Residual Observation Order

A a 4 v A
g'lh’l 4.5 uaaaWamsInsIzra ULl slsau (Two-Way ANOVA) U93UU1AYINA

(Nozzle diameter)

910314 4.5 1319 Normal probability HHAINITATIVABUN1INTZGAWVULUNAUDIUDS
. A w ) ) 9 A

Residual ININTLNLAINVUUATUATI snIURDUAYIEAZAD YA v0INT NN INTZY

@ [ Y 1 ' @ 9 ' Y o Y Y

aregrannuuady ua liuimin Taenmsamvesdoyasglunundu vhilddszumldn
. a a . A o <3| o o ' . =~

Residual UM 3uaaaaunlng N3l Histogram wunianyauzilugilseasndi A1 Residual U

MLV UYNA N319 Versus fits 1azn313 Versus order AAINIINTLIWAIVDI Residual

' o o A o Y Y a o & =
Tuueagszgavtltennsznearluduuiniazauaulinnuauganunsdesns iy Jedszanm
Y1 A ¢ ~ 9 a o A "W P VoY ™ '
T8 nA1mAeves Residual Sian lndinosnunsomfdugud tanidoyavesdanensn1snaned

=\ VN ~1 a
gnsnszaneandunuuilng

4.2.1.4 MmsnsvaeuaNuRUElI0InMImMsIam
P =T = 9
MIAsIde Yoyl IduAIeNITNIITUININTZAI0URITRYA Tab
a 1 Ao . 1Y Y 9 1T Ao { ]
THunugiiaruguaride ¥e9z 19 lunsfanuduulsvesdoya ninmidei 1atiaies
o o ' = A ' 3 A v
(ANuANLsd) uaasnnszuaumsnaasenad lemanseanuuaziiuiie ldwans
Aa ~ 1 % 9 '\ Ao A Yy %
nanesninNunsInsann ualuneasanudi minmidon 1dliaunn @nuiuulsge)
' ' A A ' 2 A Y A
uanenIzUINMINAaed luasn Temansennuiiszituiies ldwanisnaassiiiinn

A 9
NYINIIUDY
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NAINNITNARDY FINITDHINIAIUIUMIAINGY (R) LAz NTURAY (R bar) Iasmsaiuimld
1451054 Minitab JUNITAIUIUMNTURAY (R bar) (Aauaadlunianuan X) et ldads

[

uruQiAIANANTIAuaadlugl 4.6 Tasmsmruaveuvanluguluumugiaiuise

q

[

funeldaat
LCL = R bar * D3 = 0.02937*0 = 0
CL =R bar = 0.02937
UCL =R bar * D4 = 0.02937* 2.114 = 0.07562

A1 D3 oy D4 115011 189 1nA15 1911 DN IAIUAL (Factor for control chart) 1u

NANUIN U
0.08- - UCL=007562
s 006
£ &
3 /A N A
s 0.04 / e N "
E. / \ el N ) ) I
8 . . « ¥ 'R=002937
3 003 o—0o Y AN P pa
\/ \\./ - \'//
ik - LcL=0
1 3 5 7 9 11 13 15
Sample

317 4.6 uwugnimaIuguNdy

U

110314 4.6 WA (R) YnA1egluveuivan13AIUAN (Control limit) Deuditoyasziin

e,

A = 19 2 v A 1A '
AUANAAADY (Error) 2YIaNUDY l,msuaHammmﬂnmmma’mu DD NUANUUANAINUDY
Y [P=Y T [ 3}, =2 o 9 2’/ Y Py
mﬂﬂummmﬂizmm"lﬂ’n"luummmsmmﬂu REUUWTINITDUIVBYANS 3 VoYaNURaY

saunu'ld

(Y] = w =
4.3 2M31N13aNYiIT90U031INA (Nozzle wear rate)
a 4 U A 9y o Y U a ay 9
NNANITNITNAADULALNTAUATIZHHNA IUFIUNUAW TANUI MTHAATUIIUAE
[ X @ H I~{ [} 1 a
TAQHAN (composite material) 33aq N 19 lunmsnaasuiluiaawauszninanaiadn PLA wau
% g.’; ] ] @ ' <3 [ a =1
AUFLAAAAAANY FINaRBIUIATBIIAA FauaadlFIHUINAANITANTTaURIHINA
é =Y 1 1 - 7 dl Lﬂ' = % v A d' % . B 4
(Nozzle wear) ¥au3naaIularsegudanuaiansluziin 4.8 Womsnnuinangs lairiu

a 4 [ A 1 PN 1
ﬂTﬁWﬁJWQ?HﬂQLL’dﬂQiHEﬂV] 4.7 TﬂﬂﬂWaﬂ15“Vlﬂaf‘)\‘l%SW‘U’ﬂidlﬂ"liﬁﬂ‘ﬁiﬂﬁﬂinmﬁﬁuﬂa"lﬁl‘u@ﬁ
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@ [ a 4
HaRauazilidnyuzmsinuseglan (Dome shape) 11aZ91NNITANTILHNANITNADIAIIAS
a 4 9 v a a0 [
AnszraNuulsdsiu (Two-Way ANOVA) ﬁWNWSﬂﬁ?ﬂ]‘lﬂ‘Hﬂmuﬁ]']ﬂWﬂﬂﬁ’J!,ﬂi'lzﬂ’Zﬂﬁi]i]fJ
Y046731M31oU (Feed Rate) 1az1/5114u0979 (volume of material) Hinanonsdnnsouns

v A ' 2 < a d = v A
1NINA (Nozzle Wear) ﬁluﬁ’llu‘ui]SLﬂuﬂﬁ’JLﬂﬂ%ﬁﬂﬁﬂﬂﬁﬁﬂ‘Hiﬂ"Uﬂ\Wi’Jﬂﬂ (Nozzle wear rate)

= v W = Y A
FIVINHANITNANDITINITOINDNTINITANYITD (wear rate) llﬂ"lnﬂﬁllﬂ'li‘ﬂ 4.1)

Dy,—D
Wear rate(%) = <IOD—1I> x 100 4.1)
0

H @ 1 a o’ay . @ %
Taen D, A9 YVUIAVDIHIRANDUNUNT U (nozzle diameter before print specimen)

@ v A 2 . . %
D, A9 YLIAVDIFIRANTINUNTUNY (nozzle diameter after print specimen)

A v A Ao v a 4
3‘1J“VI 4.7 1398 (Nozzle) ﬂm'lumumiwu‘wam

~ v A A a o 9 @
g‘ﬂ‘lfl 4.8 ¥IIAA (Nozzle) NAIUMTNUNINUAIITANTY
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NNANIINAADIIUAITIN 4.1 FIUAAINAVDINTAUNUAITNAADIAIVUNUNITNARDI IaY
< v A . v A A — A 9

uaautuvuInUe9IriIRg (Nozzle diameter) LAZUUIAVDININARGY (D) AR5 1y

8m3171510U (Feed rate) 1a% USu101389 (Volume of Material) lusgaua1eq 4 sza 1ag

¥ Y ! 4 {
NUIUNATOUN (Replication) 3 41 mﬁgﬂiwn"lﬁ’mmamﬁ 43

A15199 4.3 MTNUTAINANITNANDUNTY (D) VOIVUIAVDIHINA

(l_))y: Diameter (mm) . B : Volume of material (g) |
. o . 500
, 25 0.55 0.61 0.64 0.66
A : Feed rate 50 0.66 0.70 0.77 0.79
(mmv/s) 75 0.72 0.78 0.84 0.87
100 0.78 0.85 0.91 0.93

v ]
= A

9 o v < i . A Y
mﬂmaya“lumﬂw 4.1 LiJil‘uT’U’Elng'IWﬁE)GlﬂﬁW Regression line plot IND & 319AILUVUNN

v
=

a 4 o g o a o 9y
ﬂmﬂﬁ1ﬁ@l3‘ﬂ$‘lﬁ)ﬂﬂiﬂﬁ 4.9 119 4.10 MNUUINMTNNTAANE ULV UTUNTIN LLH’JIﬁlﬂJ‘ﬂ’E’N

U

(%)) 1 | 1 o w
YANADALASATIVTDUAINT R-Sq A1 R-Sq(adj) ®uainu

Fitted Line Plot
Diameter = 0.5463 + 0.003320 Feed rate

® S 0.0583065

L] R-Sq 743%

09 R-5q(ad)) 72.5%

038

0.7

Diameter

0.6

05
20 30 40 50 60 70 80 90 100

Feed rate

317 4.9 N5 Regression line plot 521319911AUBIHINA (Diameter) A1 0ATINT LU

(Feed rate)
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a { 1 { a3
wosannslugld 4.9 sznu nswli ldlanvaztludunss uazganngalunsi

uanasnyazsvAstuu Ifuadendany IA1 R-Sq I 74.3% uaziin1 R-Sq(adj) T 72.5%

& Y a3 1 [ a o = 9 2’/ a Y 1T @
"]NLL'CT@QEL‘HL‘HU'N 55]'JLLUUﬂﬂ!@lf”ﬂﬁﬁﬁﬂulﬂu'luuﬁ'lu"liﬂﬂﬁﬂ'mﬂ'J’]iJWl!lL‘].IiﬂJ@Qﬂ'I@]')LL“]J'i

a 1 - 9 & 9 o a S R A [ tﬂy
G\ﬂl]ﬁu@\iﬂﬂigﬂ']ﬂiaﬂﬂnﬂﬁﬂ‘lﬂ G]N‘l]1ﬂﬂ51ﬂ1ﬂﬁjllﬂﬂﬂﬂl@ﬁ"ﬁ@§ FINTUNITAIU

Diameter

09

0.8

0.7

0.6

05

D1= CF+ mFF+e

D; = 0.5463 + 0.00332F + e

A . v A d' 1 9
A9 V119 (Diameter) VDIVIRNA (Nozzle) VIWWHﬂﬁ‘l‘U\‘ﬂu

Ao ANAYUDIAITADUAUB (Response) UANNINY 0.5463

2 dNTWAVDI]998 WANND 0.00332

v

2 on1lou (Feed rate)

D)

A9 AIANNARIANADUNITNAADI

Fitted Line Plot
Diameter = 0.6388 + 0.000368 V of mat
e S 0.101085
e R-Sq 22.8%
R-Sqlad)  17.3%

100 200 300 400 500

V of mat

317 4.10 n319 Regression line plot 3¥MINYUIAURININA (Diameter) A1)

Suaia A (Volume of material)

4.2)

(4.3)
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ya o

a 4 1 4 <3
#91500105 193U 4.10 sgwu nswlnIdlanvazidudunss uazganngalu
@ 1 [ 1 1 I~ ] <
asluansdnyazswfeluud Tfundrendany uaiia1 R-Sq 11 22.8 uazA1 R-Sq(adi) 11
&2 a1 b yd 1w A sy ¥ 2, ' a @
17.3% #adiaen uans iy ndunuadiaenaas nlauiuliansoosuvieanuiuus

' v A v A Y R [ \ "W Y v
‘UENﬂW]’JLL‘]JS%E]’U’L‘(‘LIi’]ﬁ‘l/]ﬂig,’mﬂiﬂ‘ljﬂﬂﬂﬁﬁl‘lﬂﬂwa %Qﬁﬂ‘ﬂmzﬂ\‘iﬂﬁ'I'J"liJ‘lﬂLL‘]Jiﬂ’NilﬂiJ'lﬂ'ﬂ

a t%

wan1snaaed luainsossuieanuiuulsve @ saeuausInnszaesouA R 1d

v
aad @ a

v A o Y o oA Sldyd v 9 9
IN912A1 R-Sq ﬂaﬂ?ﬁﬂ@ﬂi%’JﬂaTﬂjMUUﬂm ﬁ']ﬁ@'ﬁV]vlﬂullﬂqwuﬁugﬂﬂﬂm@l‘“au'lﬂuaﬂ

=

ot1els Fannnsllugdii 410 uaasmaidunuuadamansi 18 lidaugiluagusiui
wofazos 1AL 5 Hanua'ld Montgomery (2001) 1A% Montgomery (2005) PRRTIER
ADIUITIIVDY regression fitted line plot 3 I1NUYUIAUBININA (Diameter) AU USu19uTag
(Volume of material) Inal iifeifinanuaugduazanumiudivosdmuuadiamand 9
AMTOUUITINUD regression fitted line plot 3EUIN VUIAVDIIRAN VLTI TAQA NI A

] Y
vosonsImstoulanwanslugiin 4.11, 4.12, 4.13 uaz 4.14 Asl

F5TAUBATINTTOU (Feed rate) 1 25 mm/s 1AnsWlaagili 4.1

Fitted Line Plot
Diameter (F 25) = 0.5250 + 0.000288 Vol of mat
0675 s 00144914
R-Sq 93.9%
L R-Sq(ad)) 90.9%
0.650
L ]
in
N o625
T
3 ®
o
£ 0600
8
(=]
0575
0.550 ®
100 200 300 400 500
Vol of mat

gﬂﬁ 4.11 N3 Regression line plot SLUINVUIAVDININA (Diameter) N ﬂ?lﬂm’?ﬁﬂ

(Volume of material) lugeszaudnsinsilon (Feed rate) 25 mm/s



%1952 AUOATINITTOU (Feed rate) 1 50 mm/s Tans Azl 4.12

Fitted Line Plot
Diameter (F 50) = 0.6150 + 0.000368 Vol of mat
0.800 s 00144914
o R-Sq 96.2%
R-Sq(ad)) 943%
0775

=}
3
wi
=}

Diameter (F 50)
(=} o

g &

L ]

0.675

0.650
100 200 300 400 500
Vol of mat

3‘]]171 4.12 5 Regression line plot FLUINVUIAVDIHINA (Diameter) 1

31181589 (Volume of material) 11439528 U8051M 310U (Feed rate) 11 50 mmy/s

[

%952AUATINTTOU (Feed rate) 1 75 mm/s 1ans1ilAsgilh 4.13



Fitted Line Plot
Diamter (F 75) = 0.6750 + 0.000408 Vol of mat
0.90 S 0.0116190
R-Sq 98.0%
. R-Sq(ad)) 96.9%
085
®
o
™
-
§ 0.80
£
3
(=]
075
%
0.70
100 200 300 400 500

Vol of mat

314 4.13 N519 Regression line plot 317199 U1AYD1IAA (Diameter) AU USu1auiarg

v o

(Volume of material) 119%295281993517151701 (Feed rate) 91 75 mm/s

%952AVENIIN15T0U (Feed rate) 71 100 mmss Idnslaagalii 4.14

Fitted Line Plot
Diameter (F 100) = 0.7400 + 0.000408 Vol of mat

0.96 s 00183030
R-Sq 95.1%
R R-Sqlad)  92.7%
092
[ ]
—
)
=4
=
w0388
B
g
E ®
& 084
o
0.80
[ ]
100 200 300 400 500

Vol of mat

31/ 4.14 n319 Regression line plot 331 314UU1AY04HIRA (Diameter) N1 Y3101 Tag

(Volume of material) Tur1952aUsnIINIou (Feed rate) 7 100 mm/s

79
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wsanswlugiin 4.11, 4.12, 413 uaz 4.14 :zwu ns i ldnnns sy
I Y o 1 A A 9 v 2 o =X
Audunss uazgannya lunnnsuaasdanyazsavdeluud uadiendny F391nnsiv
Regression fitted line plot 3$ ¥ 319U U1AY09¥ 2R A (Diameter) 11U USN197d9 (Volume of
material) 117 151UI29AWTLAVVOI8ATINITTOU 9NV NAFTIAT R-Sq tiaz A1 R-

{ 3 % < 1 o a P 2‘, a o
Sq(adj) Ngevu Fauaasliimun duuuadiamainsnlauniuausassuonnuiiuls
yoemianlsneuduesinszateseunnte ld 1ag91nNI1WYEINNTIENUIIDNT WAV
TJadalialndiReanuninie 0.00028, 0.000368, 0.000408 LA 0.000408 MINAIAL TIANUITD

I¥a18nEnavesdadvainnsin regression fitted line plot FEMNINVYUIAVD I INA (Diameter)

3

4 =Y [ . slé — 1 u/ = v A
1 ‘lJ'iiﬂiu’Jﬁﬂ (Volume of material) hlﬂ FINAUNIND 0.000368 LAZHAUNITIAIU

Dl e CV + va +e (44)

e  D; Ao YUIA (Diameter) Y0IHINA (Nozzle) NHUMS 1HU

Cy Ao AuRdoveIAMLsAOUEUDI (Response)

)3

a

my Ao oNSWaULate UAUMINY 0.000368

|74 Ao Usaa f (Volume of material)
e A AANUAAIANABUNITNAADY
7 g‘/
4101
D, = Cy+ 0.000368V + e 4.5)

Taof €,  TUAUMNU 0.525 HeoA5 100U (Feed rate) HANNINY 25 mm/s
Cy  UAumnu 0.615 1o6n511ouU (Feed rate) HAUNINY 50 mm/s

Cy  HAWMAY 0.675 iiedns1lou (Feed rate) NAUNIAY 75 mm/s

Cy  TAWMNDU 0.740 1106n5110U (Feed rate) 1AMMAY 100 mm/s

@ a o g’.’ v o § o

NNAMVUNP UM ANTVDINIAD I dT8AInaas IUauNITH (4.3) ung (4.5) R TRP T CRLE
a 4 g [ ) [ o i

LULNAUAPNEAATUDINITDI098 dAvSUNTUTZIavUIa (Diameter) VDININA (Nozzle)

A ] vo X
Aumsldau 1aaail
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v
i’m@’l’J!LU‘U‘VINﬂﬂ!@]ﬁ"Ile{ﬂJE]\i‘ﬂ\i’c’f’f]\‘l‘iji]‘dﬂ (4.3)+ (4.5)

2D; = [(0.5463 + 0.00332F) + (Cy + 0.000368V)] + ¢ (4.6)

1
D, = 5 [(0.5463 + Cy, + 0.00332F + 0.000368V) + €] (4.7)

s

Tag  C,  UAUMIND 0.525 1085150 U (Feed rate) NANNIAY 25 mm/s
Cy  UAUMAL 0.615 100A511/0U (Feed rate) UAUNIAY 50 mm/s
Cy  UAUMNU 0.675 tlodns1iou (Feed rate) NAUNIAY 75 mm/s

Cy  HaumnAu 0.740 1iiesa311ou (Feed rate) HAUMIAY 100 mm/s

e Dy Ao YUIA (Diameter) VOIHIRA (Nozzle) Nr1uns lHau

)

Cy A0 AURAsv0RlsnaUaLDY (Response)

)]

@

Ao on1lou (Feed rate)
Ao U da A (Volume of material)

e A0 AANUAAATOUNTNAAD

v < @ a 4 ) v o o .
a9 lsfimuaindanuuneadiamansvesnaesiatodmiunislszanaviuna (Diameter)
o = 9 o = o o £ o =R & 1
YBIHINA (Nozzle) NW1UNI5 1501 dsuaasluaunisn @7) Suiluszdosmilsdsnrnny
A A a Ay ~ o A W Y
amanasulunnaned osninlumsnaasslnmalgianueziideden luldaruguuas
Y v
limuisaaiuguldsiuauuin vazdidumariionnvzdinadennunaiainaouueInis
v
nA0041d Montgomery (2001) 1122 Montgomery (2005) #281HAHT4A0INI1TUIAIA 1N

& &L o v =
ARAANDUYDINITNATDI (€) Feruia laa1n aunsh (4.8)

—~

eij = D;j — Dyj (4.8)

Tash  e;; Ain AAINATIAIATDUYBINITNADDS NTLAY ij
A . v A ~ 9 = v
D;; Ain 4119 (Diameter) Y0412 (Nozzle) N1 18910N15NAADS NILAY ij
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[

D;; fiv v11A (Diameter) ¥0HIRA (Nozzle) 1 Id91MINISAILI0M N3z ij
FaENTaUEAINAMIMUIUMANNAAIANADUYDINTNARES (&) Aauanalumsei 4.4

A15°199 4.4 MINAANUARIANTOUVDINITNATDY ()

fiszdy i F Vv oy Dy Dy €ij

25,125 235 125 0.525 0.55 0.60015 -0.05015
25,250 25 250 0.525 0.61 0.62315 -0.01315
25,375 25 375 0.525 0.64 0.64615 -0.00615
25,500 235 500 0525 0.66 0.66915 -0.00915
50,125 50 125 0.615 0.66 0.68665 -0.02665
50,250 50 250 0.615 0.70 0.70965 -0.00965
50,375 50 375 0.615 0.77 0.73265 0.03735
50,500 50 500 0.615 0.79 0.75565 0.03435
75,125 75 125 0.675 0.72 0.75815 -0.03815
75,250 75 250 0.675 0.78 0.78115 -0.00115
75,375 75 375 0.675 0.84 0.80415 0.03585
75,500 75 500 0.675 0.87 0.82715 0.04285
100,125 100 1225 0.74 0.78 0.83215 -0.05215
100,250 100 250 0.74 0.85 0.85515 -0.00515
100,375 100 375 0.74 0.91 0.87815 0.03185
100,500 100 500 0.74 0.93 0.90115 0.02885

WasIU 12.06 12.0604 -0.00040

1INA19199 4.4 WANIAIUINAIAINAAIANTOUVDINITNAADA (€;;) UANNINL -0.0004 LiAZ
@ a o gﬂ @ o @ . @

VINAWUUNNANARTATUBINIA0IT T8 11T UNTY 5201 UYUIA (Diameter) YOININA

(Nozzle) Nrums 1991 duaasluaunsi (4.7) 11839010 1NARIAAT0UUDINITNAADY

Y v a [ A [ cj;l
(e;) 3¢ Iddmuunngiarneaasaaasluauns # (4.10) A3l
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Dy =5 [(0.5463 + Cy + 0.00332F + 0.000368V) — 0.00040] 4.9)

D, = 0.27295 + 0.5C, + 0.00166F + 0.000184V 4.10)

s 1

Tao €,  TAumnD 0.525 esas1tleu (Feed rate) HANMIAY 25 mm/s
Cy AN 0.615 100A51]0U (Feed rate) UAUNIAY 50 mm/s

s 1 -7 d’ o =S 1 1 -7
Cy  HAWMnu 0.675 ileoas1teu (Feed rate) HAUNIAY 75 mm/s

Cy  UAUMND 0.740 iiedn511fou (Feed rate) AAUNIAD 100 mm/s

)3

o Dy  fo Yu1A (Diameter) YBS1INA (Nozzle) MHUM5 19411

Cy Ao ANRBYDIA L IADUAUDY (Response)

)

Y

[

Ao 9n31170U (Feed rate)

)

V Ao Usuiada 9 (Volume of material)

o a o g’/ v o o . @
NAWVUNNANAPNAATUDINAADIU A INT UM TUTLUIUVUIA (Diameter) VBIHIAA
(Nozzle) NW11015 19919 dauaasluaunisn (4.10) a111591101A1UIUDATINITTNNT O

H 4 % =Y d’ ¥ o o
(Wear rate) 91N ANNIIN (4.1) 1D A3 1A WUUNNANAFNTASINOAIUIUDATINTANYTD 210

aunsN (4.1) unua Dy MuaumMsn (4.10) 92 1aaunsn (4.11) Al

Dy ~ (027295 + 0.5Cy + 0.00166F +0.000184V )|

D, 100 (4.11)

Wear rate(%) =

Tagh €,  UAWMAD 0.525 1ieoAs 110U (Feed rate) HAWNINY 25 mm/s
C AN 0.615 1000 110U (Feed rate) HAUNINY 50 mm/s

\%4
C AU 0.675 11/00731110U (Feed rate) NAUNINY 75 mm/s

|4

Cy  HAWMND 0.740 Wadn511oU (Feed rate) HAWINAY 100 mm/s

o Dy 79 UU1A (Diameter) YB41INA (Nozzle) NOUMT IHU
D;  #®o vu1A (Diameter) Y9912RA (Nozzle) NHIUMT 1911

Cy  foAMAgveeRILlsnouaues (Response)
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F Ao oI 11lou (Feed rate)
%4 Ao Usuada 9 (Volume of material)

a 4 = F2 o [
1INWANIINABBILAZ AT AT IZHHaNMINAaeadagl 1 Jadevesdasinmisilon
o @ Aav o o 2 o 1
(Feed Rate), U511a1u09329 (volume of material) tazfduiusvosnsaestodelinanonis
AN13U09IRA (Nozzle Wear) 0819010z d 1A ey 11AZIINAITNARDIAINITOAS NAUNITLIND

Uszanumsanuso laasaunsn (4.11)



a
Unn s

asma

51 ayUwamsise
9 (] AN ya Jd a aa A 9
nndoyasuiluravosmsnaaesi Iduaszi@eadaluunimumainsoagl1a
Y
fage 11/
5.1.1 BNENAVR 9N 1M 51/ (Feed Rate) Hazil31ave93ag (volume of material)
NNaAeNITANYITOURININA (Nozzle Wear) 11A52 U5 Fused Deposition
Modeling (FDM)
a 4 v v @ [ a v
911NN15UATIZHHANITNARRINUINTateens 1M s TTou Tevelsuimvesiag
a o o 4 U [ [ a [ Aa A 1
wazlfaunusszniniliivvessasimatlou uazilSuinvesiag Tanfuarevuinves

= 1)

wiRaed1elitedidaylusaduass msasrsaeuanugndesvosgduuumssnaasany

v o a o < a ) A 9 9
"U'E]Hﬁmﬂﬂﬁ:]@ﬂ’lﬁﬂ’liﬂﬂﬁ@ﬁhﬂ’]ﬁﬂﬁgﬁﬁnﬂﬂ?ﬂjullﬂﬁ Llﬂ$ﬂ1§@ﬁ?ﬂﬁ@ﬂm@uﬁﬁtﬂ@ﬂﬁuﬂ?ﬂﬂ"ﬁ

v
a v A

a v @ ° =] v

N91501N13N5210V0N oy anUNAMAoN IadaNuAuulsa naalfiaunnszuiuns
A a A = Y1 o a v A ' =

NANBDIAIN UAINUINYIATI fl]\‘lﬁ?ﬂﬂﬁ"lﬂﬁ'lﬂﬁi'lﬂ'lﬁﬂﬂuuﬁzﬂill']mﬂﬁﬂilWﬁﬁ@ﬂ‘lﬁﬁﬂ”ﬂ5'(’]

Y0IHIAA IUNTLUIUMS Fused deposition modeling (FDM)

5.1.2 9AFINTANYTOVDININA (Nozzle wear rate)
a 4 (% o ' B .
NNMFAATILHHAVDIBATINT TNYTOVDIHAAANY N5 Regression line plot
v v A v W [ U A A 9 k) SR o =
5EUINVUIAVRITIRANUOAT NS TOU LanidnrazsIuAeiuul IduAd1eARenY TA1 R-Sq
I = . I & Y 3 T @ a o A 9 g}/
11U 74.3% wazlin R-Sq(adj) 11 72.5% Fauaasliifiua auvuadiamaasn lauiiu
a o ' @ A ' = Y !
d1u15aesuieanuiuudsvesndludsaeuaussinszareseuanaela uansiw
1 @ [ =) 1Y U <3 1
Regression line plot 3212 19UU1AUBIHINAN YT NI TR A1 R-Sq 1I1 22.8 1iagA1 R-Sq(adj)
< R AT e Y 3 T w a o A 9 g’; 1 a o
W 17.3% Falinan uaasldifiunduuuasamansi lauiiu luauisnesuieauiu
Vo = = Y v ; :
wlsvesmdulsaouauesinsznesouA1nae IAAND ADIIUITIUDY regression fitted line
plot 3 NMIAYDIIRANUUS I e Ind ieriiwanuaugluasanuuudve LY
a -4 ' a o 1w { ' {
Aalamans nuNavIsaeiviennuiuLlsvesmdulsaeuauesinszneseuanaeld

o/gllﬂﬁl

ANUUIITIN
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(% a d A @ @
AMLUNIANAMEASIND 5T MUOATINMI TN TOV0IRATUNTLVIUNS Fused deposition

Y
v A

modeling (FDM) 1aaail

|Dy — (0.27295 + 0.5Cy + 0.00166F + 0.000184V )| »

10
Dy 0

Wear rate(%) =

Tao €,  UAuNIAD 0.525 Wesns11lou (Feed rate) HAUNIAY 25 mm/s
Cy  UAumnD 0.615 1iiedn511ou (Feed rate) UAUMIAL 50 mmy/s
Cy,  Tawnnu 0.675 ledaitlou (Feed rate) IAUNIAD 75 mmys

Cy  TAUMND 0.740 11085110 (Feed rate) A UNINY 100 mm/s

o Dy Ao YUIA (Diameter) VB1IRA (Nozzle) NOUMS 19914

D, @9 Uu1A (Diameter) YBIHIRA (Nozzle) MU 35 1%

3

Cy Ao AURdsURIR IR oUANDY (Response)
Ao onstlou (Feed rate)

Ao ﬂ?mmi’ﬁ@ (Volume of material)
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Exp. | Feedrate ; ',Vol'ume of | Nozze Exp.’ | Feed rate | Volume of | Nozzle
. ‘mater’ia?ly" ' Diametér | no. | material Diameter |
1 25 125 0.48 25 75 125 0.58
2 25 250 0.46 26 75 250 0.59
3 25 375 0.47 27 75 375 0.58
4 25 500 0.55 28 75 500 0.70
5 25 125 0.53 29 75 125 0.69
6 25 250 0.55 30 75 250 0.71
7 25 375 0.68 31 75 375 0.86
8 25 500 0.63 32 75 500 0.87
9 25 125 0.64 33 75 125 0.89
10 25 250 0.83 34 75 250 1.05
11 25 375 0.78 35 75 375 1.08
12 25 500 0.80 36 75 500 1.04
13 50 125 0.53 37 100 125 0.62
14 50 250 0.54 38 100 250 0.63
15 50 375 0.54 39 100 375 0.67
16 50 500 0.62 40 100 500 0.75
17 50 125 0.64 41 100 125 0.74
18 50 250 0.61 42 100 250 0.77
19 50 375 0.81 43 100 375 0.94
20 50 500 0.80 44 100 500 0.93
21 50 125 0.80 45 100 125 0.98
22 50 250 0.96 46 100 250 1.14
23 50 375 0.95 47 100 375 1.11
24 50 500 0.94 48 100 500 1.12
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EFFECTS OF COMPOSITE MATERIAL FILAMENTS ON FUSED
DEPOSITION MODELLING NOZZLE
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ABSTRACT

Tradiionally fased depositon mwdeling (FDMD
fazve been able to build parts only in thermoplasac bur the
modern FOM can process pams in conposite muatenal
filaments zuch as PLA fillad bronze. won or stainless stael
i which these motarials will cause nozzie wem. This
Deper present: an experimentsl to deteruing the effact of
compozite material flamenr: om FDM pozzie The
experiment was conducted by using standard pozzie size
0 4 mun Sned with FOM machine and printad metal-Sled
matenial, then nozle wesr we: mwesngated by
ucroscope. The resulss showed the effect of composite
material Slaments thar significany effect on the nozzies
WeAr

KEYWORDS: Rapid protonping (RF, ficed deposition
modelling (FDM) addite manyfacnamg. composie
marerial

1. INTRODUCTION

Papid prototyping (BP; 1 the key succes: techmigue
m the product developmenr process. Rapid proworyping
sechmigue can comstacr pert dwectdy £om 3D CAD Sle
withow: special tooling and dies. Comsequently. creaung 3
procotype is rmch essier. chesper and faster conpared
also inproves product Sexibility and hence can satisfy
individual customer demands (Chua, Leong, and Lim
2010). Several rechzugues have been developed for rapad
prototyping process apd they can be classified imto 3
categones based on the inirial stare of marerials hquid-
based, solid-based and powder-based (D, Pham snd R
Gaulz, 1998}

A popular rechnique in 3 sobid-Dated system i the
fused depozidon e (FDAM) (V. Eumer, and D
Dusa. 1997). FDM has becoms a widely wsad additve
Singapmen, 2012). FDM works on s “addimve”
principle the process wmvolves laver-by layer deposition 2

bead of exoudad molten material through 2 nozzle uung
feedstock filament from 2 spool The nozzie and bed
platform move viz conpurer control to lay down 2 pattern
on the bed plarforma. as <hown i Fig 1. {55 Cnoxp.
1989 In recem vear modern FDM sechuologies offers
zreat potennal for & mange of other mamerisly including
PLA filled broaze. iwon or stainless weel (Mostads Wikzad,
2009} and pew composice matenal Sluments with metal
fillad parricles 3ave bean successfully developed for duact
application in FDM process (Dbostafa Xikzad, 2011}

”W“'% .

z
’%'qu. fianent

Cudl mxd
T TrT T

£y ing wronor

Modien paste
ehumbier

Fig 1. Schemarnc disgam of FDM process (Yu-an Jin ot
al, 2015)




106

- The 11th SEATUC Symposium

The most concerned of FDM process pars wih
composite material Slamenss is the wear of the nozzla (L.
Li and Q. Sum 2002) Almost all filament mannfacturers
Zive 3 vaZue warning sbowr composite muaterial Slaments
cansing nozzle wear on the nozzls of FDM machine (B H.
Les, I Abdullah and Z A Fhan 2005 The wear of the
aozzie alse leads 1o the defected in perrs, whick cause a
goublasome i feedmmz mechamizm The fesding
mechemsn 35 inpontant to fow and SE smooth. The
defected in parrs are appearance on surface quality and
Joss of accuracy (R van Weeren, 19073

Ths paper presenss ap experimentsl 10 deternune the
effect of composite matenal filamems on FDM nozzle.
Since the nozzle wear requires constant mamtenance and
mspaction, which leads to mackine down-fime and
imcrease the process costs, the nozzie wear problem showld
be mvestigated by in-depth expertmental

The experiment wzs comducted by wsing standard
aozzie uze O.4mm fimed with the FDM Invemper-3D
machine, 55 shown iz Fig 2. The materia] Slaments used
for testing are Proto-pasts stainiess steel PLA and PLA.
The printzd part: were dezignad via SolidWork 2014x84
Edstion sofrware and exporrad 23 STL file. The STL file is
inported to Curs 14.01 sofrware for paramerer setung and
model printime. a: shown in Fig 3. After parts were printad
according part volume conmol the used nozzie was then
cut and mvesngstad it cross sacton by milling machme

' HHHH Nozzle size 0 4mm. |

Fig 2. Picrure of sanderd pozzle size {.4nux Sred with
e FDM extusion set

2.2 Investigated parameter:

A main variable facror on nozzle wear is volume of
printing matenal, which it the mowr imfluencing the
Lfetime of the FDM nozzle (B Anthits 2001). The
specimans are assigned inro four level according o printad
volume. while feed rate and remperanye are kept at thelr
fixed level factor. The varisble factors and Sxed level
factor a7 assizned, as shown m Table 1.

Table 1. List of process vanable and fixed factor

Facior Loesl  Level  Level Lewel
i 2 3 4
Volume of matenal (zy 155 250 7% 500
Feed Tate (rev mun) 50 k4 50 30
Tanperngs (0 b S (S L U

Fig 3. (3} Part: designed via SolidWerk 201464 Edinon
sofrwaze. (b) Parameser seming vis Curs 14.01 software,
aad (<) Model printing

ta
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2.3 Measurement method

The used pozziss sre cur by milling machine, then
their cross-secton ave meeswad In o7der 10 vestigate 1o
varistion. 8s shown iz Fig 4. To determine the wear of
nozzle, the duametsr of nozzle that prints specimen is
meeawed, as shown in Fiz £. The parcemage of the nozzle
wear rate is calculated by the following aquation.

Wearrate (%) = ( 0.;;/? ;! % 100 o

Where X is the duvencion of nozzle dameter afier prim
specimen (mm) and £ 4 is the size of nozzle befors prim
specimen {mum).

Fig 5. A measuning of durension of nozzle diamerter

3. RESULT AND DISCUSION

The resait: were obtined by primine all the four
level for marerial volume (125g 250g, 375g and 500g).
The resul: showr thst nozzle shapes ralated with the
volume of printing masterisl. The diaaters of nozzles
were expended when more vohure of mstensl was
printed. 33 shown e Fig 6. The dimensions of the nozzle
diameters were measured, &3 shown in Fig 7. The wear
rate of each experiment level were detenmined as shown
i Table 2.

The relanonship bemween the volume of prinred
maerisl and nozzle diametsr were pressnted as linesr
relation in which nozzie diarneters wers expanded diring

 The 11tk SEATUC Symposium

0 more material was printad, as shown in Fig &, In opder
w0 forecast nozzie wess, the effect of volume primted
composite materis] Glamers is 2 sigmfcan: facior that
should be concarmed.

el =

Fig & The shape of the nozzle diameters related with
volhune of printing maeterial

A seres of mmage of the pozzie extt price o after
expenments are presenss in Figh. For the pozzle exit in
Fig 7 shown tae dixmerer increased from an mizal size of
O.4nun to 0.5¢6pme

Fig 7. Tae dimension measwement of nozzie dismeter
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Dnmension of
Vohume of nozzie ‘Wear rate
material {g) dismeter (xm) o)
Lavel 1 125 Q.53 325
Level 2 2. 0.62 55
Lavel 3 373 0.81 1025
Level 4 500 0.96 140

©
]

Nazely diagneer imm}
Lol o 2
& o™

el
=)

<

{4 25 % 33 0

Volume of printed marerial (2)

Fig 8. The relation between vohme of matenal and
dimension of nozzle dismerer

4. CONCLUSIONS

The volume of printed composite marenal Slament 3s
s dgpificam factor for FDM pozze wear. The
experimental results clearly demonstrated thar the FDM
nozzle wear raves related with the volmre of conposite
material filamenrs. Furthermore. the forecast nozzie ware
equation will be smdy 3s 3 funwe work
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Feed Rate and Volume of Material Effects in Fused Deposition Modeling Nozzle
Wear
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—Jmadepwmm&ﬁ:m&)uafmm
mhdngm:omm”m part: having
complex geometical chape I rexsonable time
Traditionally, Mmmﬂkmbﬂdpmodvn
composite material filaments such a: poly lactic acd {P.LA;
filled bromze. irow or stamless sted i which these materials

many process varisbles In thin stedy, two important process
M include feed rate and volume of material are

comsidered. Experiments were conducted by wing standard
pozzle, fitted with FDA machine and printed PLA metal-filled
umunmkmmmmtdhmmm
The resalts thowed the effects of these process parameters that
significant effect on the FDM nozzle wear.

Eowordscomponens; fused deposiiion modeiing (FD),
rapid prowotyping (RP), composie materic! flamers

1 INTRODUCTION

Fast changine customer demsnd and | incressed
competidveness in markerplace forced the indusmies w0
refamk the way of product development process. Papad
protwnping (FP) is the key smmmhnzqaemmepzom
development process. Fapid protonping technique can
comstruct part directly Fom 3D CAD file withowt special
mimgndches Consequently, (Teating 3 prototype is amwh

chesper and fser compared Wwith comventonal
pm@tnm methods, Papid prowtypme slso mygmoves
producy Sexibility and bence can satisfy mdvidual cuztomer
demandes [1]. mmmsw!bmmﬂopedfm
rapid prosonyping process and thev can be classifed nto 3
WM@MWW&WWW
solid-based and powder-based [2].

A popular technigue ip 3 solid-besed systemn is the fused
deposition modehmz (FDM) [3]. FDM deveboped by
Soatesys Inc. hes become 3 wadely wmsed addinve
mamfacuring echuologies for various applicaton [4] Dus
mxsmmgaﬂmcmmmmmmgﬁmmﬂ
waze effcency. FDM shows grest potenzal in mold
fabrication. bio-medical device deiipr TIUE EDmeeTing
and other indusmial fields. FDM works on &n “addinve”
principle the process mvolves layer-by layer deposinon &
bead of sxrruded molten materisl through 3 mozze using
feedstock filmment fom 2 spool The mozle and bed
platform move vis congputer conrol to Lay down 3 panem on

$78-1-5000-6775-617531.00 2017 IEEE

the bed platform [5]. a5 shown mm Fig 1. o recent year
mmmkfmimmmpm&am
of ofher nuwterisls mciuding PLA filled bronze irom or
stamless steel (6] and pew comyposite material Slaments with
metsl fllad perticles have been successfidly developed for
Ww&mmm’n!msﬂ The most concamed
of FDM proces: parts with couposite material flament it
the wexr of the nozzle [8], Almos: all flament manufscnmer
Zive & vazue warmng abow composie matenal Slamems
causing pozzie wear oo the nozzle of FDM machme (9]

The exwusion set in FDM machine, a5 shown in Fig. 2.
The systerns involves 8 cold end and 5 hot end. The cold end
is part of sn exuder system that pulls and feed the marerial
£om the spool, and pushe: 12 towards the bor end. The cold
end 13 mostly gear- or roller-besed supphing torque to the
maranal and controlling the feed rate by means of a stepper
moror. The hot end is the active pant which also Dosts the
Laefier of the FDM that melrs the filament The hot ead
coasists of 3 heating chamber and nozzle [10]. '&Emekﬁcw
channel's shape snd lengta in nozzle are demgmed for
shermoplastic material [11]. It 35 imporaxt o know what
happmmmmvmcmlwm:cmpmmdm_k
£lled meesl partcles pess twonzh the pozzie. The flow
behavior ot the melr Sow chanmel 5 effecrad by the wear of
the wozzle fp [12]. Feed mate uzmificandy affect: the force
reqaired to push the Slamen:. This directly effects the quality
of the product as the road width of the product varies Hence
it 13 oracaal to know the force regaired to push the Slamen: in
the melt fow chenmel [13] The ocher parameters for e
imvestigation are the volume of material and the ramperanee
disTibuton along the mel Sow channel a5 the matenal fom

the sold Slament converts ino semd-molten state mn the mwel:
ﬁawd:md{lﬂ. However, the temperanwe in the mel
fiow chammel nmst be comste ss the condition of the
msterial properzies [15] The wear of the nozzle also leads 10
the defactad mn pars, which cause 2 woublesome in feeding
mechamzm The defected in pans are sppearance on swwice
quality and loss of scquracy [16].

Thiz paper presents an axpenmentsl sudy oo WO
mportant process parameters of FDM including feed rate
ead vohume of matarial are to deternune the ffect of thess
process perameters thar sgnifican effect on FDM nozzie
wear, Since the nozzle Wedr requires (ODSTL! MAUNENADCE
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The foregoing discussions revesl thar rwo dypomant
process parameters of FOM incinde feed rzee ad volume of
material, which iz the mos: infiuencing the wear of the FDM
nozzle The experiments are assigned ro four level
sccordng to volume of materisl snd feed e while
semperanure is bept st fived level factor. The vanable factor
and fixed level frror ave aszigned as shownm Tabla L
B Specimen Preparanon

The axperimental carpaizn mvolved specimen made of
stamless stesl PLA, filament developed by Proto-Pasts Inc.
= widely nsed composite material for FDM processed parts.
The dumension of specimes 35 10mm ~ 1750 ~ S0nzn
(width « beight - lenzth), 2: chown in Fig 3 The specimen
mdesxgedmﬁohd’&mk"ﬁﬁx&%mmm
exported 23 STL file The STL file iz tported w Cars 14.01
software for parsmeter semng snd model pnnong. 8s shown

inFig4

i procesding with experimentaBion @ Was
Deceszary to copmol the mass of the smamless stesl PLA
Slamenr wed for experinenation In order o perfonn this
experimem. the mass of e samless stesl PLA was
calculated using Archimedes principle. are sc follows:

ot

Praws=miV {
= Pon ¥ W <
where o *tr}ummlaewzyofﬁes:mkymdm.&

is gvenas 238 glem m 35 the mass of material (g) and V' is
the volume of matenial fom’).

Figme 2 o w Figurs 3. Diznaosion of e wpecen {om)
TABLEZ  Lusyon Facions ando Tren Liveis
Fixed factor Variable factor
Lewel )
Facwor Srmbol  Valne Uit Facwor Svmbol . : 2 ry Tniz
) ’ ) Fasd rate g 2 E I e mms
Taaparsmrs T 21 k"
s of matacial m [ #2] 230 375 xe H
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Figae 4. (x,?zz.émpadm&ammk 2014554 Editon witace 30d
(&) Parxnsner weting vie Cu 14.01 woftwars

¢ Experimenral Senip

The experiment was conducrad by wing siaadsrd nozzle
size O4nzn Sned with the FDM Inventor-3D machine as
shown in Fizg 5 The specimen (Fig 3) is modelled n
software and exported as STL file STL Sle impored to
FDM Inventor-3D machine Hence, control facror (Table 1)
are s&r 3% per experimew plan as shown in Tsble O In
experiment plan. study of rwo variable Scror at four Jeval
requiires mumiber of expeniments is 16 (2°). After the parss
weze printed the wsad nozzie was then o and investigated
TespectvEly.

Figme ?.  Picmuze of standesd noezle size 0 “omo Sned with e FTM
wTaLien W

=

D Meanaement Method

The used nozzles are cut by melling machine then their
coss-section are mesawed in order o mvestgste o
varistion, 35 shown i Fig 6 To determune te wesr of
nozzie. the diamerer of pozzie that pnnds specimen iz
measured, 35 shown in Fig 7. The percemage of the nozzie
wear rate is calculated by the following eguation:

Wear mre (%2) = (0.2~ X)04) - 100 3}

where X is the dimencion of nozzle diameter afier prinmt
specimen (m) and 0.4 15 the size of nozzle before prins
specimen (),

TABLET Exrenmvn Piaw

Variable Factor:

Eap. Mo f = 1
1 b3 125 p7
2 25 %0 2
3 25 37 230
4 2 300 2
s % 128 !
6 30 23 %
7 £ 37 26
H 5 100 210
B 73 125 210
1 7 % B
it 75 37 3
2 7 500 7
13 00 125 2
# 0 23 n
13 100 E 2 b3
16 190 300 230

Figwe €. Drwaing of ezzle

FR R IR
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I RESULT AND DISCUSSION

The resulss wers obamed by pringing 2l the four level of
mwo varisble factor and controlied fixed factor The result
sbown that nozzle shapes related with the varisble factor
The diameters of nozzies were expanded when more printed
material and feed rate was prined The domencions of the
pozzie dismeters were measied 2: shown in Fig 8 and a5
shown in Table IH The wesar rate of each experiment level
ware deteryiined 2: shown i Tsble IV. The relapomsiip
between the printed mararisl feed rate and moozie dinmetey
were preseated 8 lineer relanon m which poozle duameters
were expanded during to more marenisl was prinved 2
shown in Fig. 9 In order o forecast nozzle wear, the effact
of these process paramerers i congposite material Slamear is
3 significant factor thar shoald be concerned.

TABLER Tva Dovssni i W zi 8 THaME iR

Dienvion of nozzle dismeter (mu’ wmazr of masveriad ()
175 29 375 0
25 048 .57 7 7 o83
. b 053 062 0.8k 096
Feed rate (man ) 7% 5% e (%73 108
100 582 0 254 114

TABIEN, Tz Prn

with b THE Pagaik Wik RaTE

Exp No. i m T Noxzie dizmever (man} Wear race (*¢)
1 - R 048 0%

2 25 5 210 035 7%

3 25 75 210 0es 1
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4 b3 0 2% 283 Wi
3 50 125 26 052 2%
€ b2 o] 21w 062 500
7 56 375 21! 3 13 030
& 50 oG 20 056 b2 30
7% 125 26 038 Eagce

14 75 256 2 ] TS
i 75 375 216 L46 11500
12 7% b+ 21 i 8256
13 00 23 240 os2 hag
4 0 25 210 7 ET %
13 o 375 210 054 1230
1 100 w0 210 li4 18200

g a

- 08 o L

71

3 3 ¢

= o 4 %

5 °¢ A g

5 )

3

Z

4} = w0 Bo o 2 e 9 A 250 B0 %0
Printed matenial (g)
[ Feedrate (mm's) &  2mm's @ Soems 5 Them'y Zwmz}

L $oud ot and doosnsicn of neazie damaner

Figrs §. ToembZond pruared

IV, Comeciirsine
The princed material and feed rate in composite matenal
Slament are zignificant Swctor for FDM nozzle wear. The
experimentsl resuln: clearly demcumstated that the FDM
mozzie wear raes related with the feed rate and prinved
material, Puthermore the forecast nozzls ware equanon
will be stady 25 3 funme work,
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