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NOMENCLATURES

Hertzian contact theory

E, E) FE, = Contact modulus, young’s modulus (N/mm?)
v, vy, = Poisson ratio

a = Contact area of radius (mm)

D = Total deformation (mm)

P,.. = Max contact stress (N/mm?)

Wear rate equation

W.R. = Wear rate (mm’/N * mm)
V = Wear volume (mm’)

N = Normal force (N)

L = Sliding distance (mm)

Gear torque equation

n = Gear torque efficiency

v, = Max rotational speed (RPM)

Gear wear rate equation

a = Gear pressure angle ( °)
W, = Gear wear rate (mm/rev)
z = Number of gear teeth

m = Gear Module (mm)

b = Gear Face width (mm)
N, = Total cycle (rev)

W, = Gear Wear Volume (mm’®)

- VIII -
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AGMA standard

oy = Max contact stress (MPa)

Z, = composite modulus (/A Pa)
F, = Transmitted tangential load (N)
K, = Overload factor

K, = Dynamic factor

K, = Size factor

Ky = Load distrbution factor

d,; = pinion pitch diameter (mm)

Zp = surface condition factor

Z, = surface strength geometry factor

Gear contact ratio equation

e = Contact ratio
! = Line of action (mm)

P, = normal pitch (mm)

Young-Dupre equation

~ = Liquid surface tension energy (mJm?)

0

Water droplet angle ( °)

W = Solid surface tension energy (mJm?)
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ABSTRACT

A study on the tribological characteristics of polymer gears

according to tooth design and surface treatment

Kim Gang Min
Advisor : Prof. Kim Chang-Lae, Ph.D.
Department of Mechanical Engineering

Graduate School of Chosun University

Gears have been used as a means of power transmission for a long time as a part of
various mechanical devices. In the past, gears made of matal have been mainly used, but
now the use of polymer gears is increasing. Polymer gears are lighter in weight than metal
gears, have superior operating performance, generate less noise and vibrations, and can be
driving no-lubrication, which has numerous mechanical and environmental advantages over
metal gears. However, polymer gears have disadvantages in that they have weak mechanical
properties and are very weak to heat. Also, polymer gears tend to be easily fractured by
frictional heat due to their low thermal conductivity. For this reason, polymer gears are not
applied to heavy machine such as automobiles or aircraft, but are used in light-load
machine such as office equipment or home appliances. Therefore, there is a need for
research to improve the reliability of polymer gears for application to a wide range of
industries. The goal of this study is to improve the reliability of polymer gears through
tooth shape modification and surface treatment. In this study, a gear was manufactured
using 3D printing, and the driving characteristics of the gear according to the tooth shape
of the polymer gear were analyzed. And the tribology characteristics according to various
materials and surface treatment were analyzed, and the material and surface treatment with
the best tribology characterustucs were applied to the polymer gear. The tooth shape design
of polymer gears was analyzed for involute gear and cycloid gear, which had not been

studies in the polymer gear. Tribology characterization was tested on ABS, PE, PP, and

_X_

Collection @ chosun



PA materials, and the surface was treated with surface chemical polishing and CNT
coating. As a result of the experiment, the cycloid tooth reduced frictional heat by up to
32% compared to the involute tooth. And the efficiency was also the best with the cycloid
tooth shape. The material and surface treatment with the best tribology properties are those
that are PA material and surface chemical polishing and CNT coating. In a comparison
experiment with typical gears, the gears manufactured through this study(Cycloid tooth
shape PA material, surface chemical polishing and surface CNT coating) reduced frictional
heat by up to 70%, and the wear rate by 60%, and the efficiency increased by up to 10%.
This study showed that cycloidal teeth of polymer gears have better operating performance
than involute teeth. And materials with good tribological properties also have good gear
operating performance, which can be further improved through surface treatment such as

surface polishing or CNT coating.
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2. Hertzian contact theory

8 M3 gx o HE S gz g =HUAM 2dols 222 UHes UE
M= 0] JliXl= Bt 22 Sget &= Jtettis =cl 8A0IC. Ol 85
ot= & 22X MOIOMIME BE0| &= B2z, MZ2 8=cts & SMdle=s E=XE
N MZ BHOH Zerel 22 80 HEstth. 8=t & =X AH012 HE BHAE0 2
off 2X LISl S0l LMSHH =0, 01E E=3 (Contact stress)0let SELCt.
S29 2SIkt 2= (Hertz, 1857~18%4)= H=dts & M2 &H& SHAE0 2k
Ldols =S80 EFUY By & §FHES SXEH22 HME = U= 0IE=
ZEZ2 HMAGHRCMH, &X A0 g+Hol &0 A= = 01 S0l StLHoICH. [34]
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02 (Adhesive wear)
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Intergranular corrosion

Subsurface corrosion

Pitting corrosion

Figure. 8 Corossive wear mechanism

4. Gear

JIE=E JIFEEH AE0l D=2 SLIHR a9 J|H f822Z, SsUEHAS 0¥
Nelel S s Sol M2 CUE X0 S¥S MYotHL s3dY UEs Htie
Aas ettt J0e 29 J|2te o 20 AFE S0 S CIARI0l D0,
Jlgdel B JIHE Melotl felZII0, HIEIIN, I S22 HEEN &Y
of ol2% 1 QUCH. D20 F J|0e B XIS CIXelo et g 85It UE S
A0l A=, JtE HEHEQ Xdg U=FE g2 JIHZ QEKRE 4= WMet &
TE JIHE XotH s8dY 20 £10 4E0| 2tHSIN S AFH0A JHE Zel
MOl U= XIE0ICH. AIOI2Z0IE XIE2 MOIZZ0/E sdE Met Hxotk= JI0
of HEHQ Xd s oz, =2 88 =51 W24 =2 EE0l JLLt 4
M0l EX L0ot S8 2202 MEZO A0l &0 ACH

JI00IAM ZM5t= OIEE EH JIsMG0M e SRE YA S0l otttz M2
=21 ALt JI= XIotnielel otE A0 et SHAMY S801 et st Ot
2Ol 0oig Z=2 XOMAS OrEZ 3= S50 28 o222 2ldi JIo =0
Z Ol Xl= SHOF ACEH.[39] 0lH4St J10ie CrE HE S8 0tI2E:2 Ect
OlI22X 0|82 Sl &=0| Jts35tCt. [40,41]

_14_

(*)Collection @ chosun



TorqueDriven
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A 3 A F3L {4

SetAMA (Finite element analysis)2 S&AMNAY(FEM)Olet Ecl= %=Xl
A& JIYEE 0806t Bst= HIRotHW &, M, 8XI|2 =X i AIZ2d0ld=S &S
of Jt& 230 et dd IRl AEES Ao, Jtarel Mz 0l JiolXl= &0l CHol
ASE Ol 210 Z2UE HZSE = Us ol SES0 StUOICH. |E2A a2
D2 HAHE 2EO el JtAl AIZHI0IEE Soll Jtat 2232 2+ SH42 Y=ol &
4 Q01 TR DI BE U MAS B SO HEO| UCH RQAMAYS
S =3¢ E0HHMH & A2dI0IEES 226t X2 s= € SIIMHE s2 &
OOl AFZ0l &1 QULCH.(Fig. 9)

Time= 37,989

Contours of Efective Stress (v-m)

max ipt. value Fringe Levals

mir=0, at elemi 95261

max=0936204, at elem# STOS21 89,3630
BA2Ted]
7 450201
6554801 _
5618001 _
dfEtedt |
E.HE--IJ’I_,'
2809e01 _
187301
8.363e02
0.000=+00

Figure. 9 Example of Dynamic FEM analysis[49]

2 AF20A=E 22X JI02 XIEH OE 2+ Al I XIHN ZMots EF 24
D10 0|0 LMol SES HAGHH oA 2t AX Ao oA AHE HE
ot XY e 2N JI AIESL JI=X=s2M 261 flol oHasS &HoHA
Ct.
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A3 BER 7109 AYe] e A=A F7)

A1 A A AW FH) 2 %)

1AW ZH R AP Au 7=

= g7 HildsE D28 &8 Jl0e X80 ME A2d IE <ol 28 SctAE
°l ABS MZE 0IE3tA2MH, I EHS HEGHH 30 ZIEGHACH. IS &=
20 HAHZEZ )0l AUTOCADSt 3D AAHZ=Z 1ol CATIA VBE Ol&otH & &6t
Ct.(Fig.10) &2 MO AF=2E 30 ZelE J|ge ES8£9 HY 259 X+ 32L&
Ot Ol =8t SLA(Stereo Lithography Apparatus)2l JI8HES AIESHH SHAS X+
o RMGHA &8 F W ZSE Sol HHS 20 DX I IEE@2 A0lA
Y Bt ez MOlz AIER]RE JI & SF(2E2 o 14.5° |, a: 20.0° )2 It
S0l HE Y AHHA M0l H2 AOI220IE I & ZBFE HEGHAL
(Fig. 11)

Figure. 11 Each gear specimens of different gear tooth shape
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Figure. 12 Polymer gear durability test machine

Figure. 13 Non contact infrared temperature camera(left), Actual gear experiment screen

(right)

D2 I AEld AEE Fig. 129 XA MZEH JI0 A2l HHIE ALE6HAL
deld &g 28 DA JI0 280 &dote 2 =8ot)| ol HIEsA HAd
25 Zata Jtiiet (Fig. 13)S OISt 12X IS &8 =FE 98 ol
B =&2 NI-DAQE 0IZ0l0 raw GIOIEHE #&ot) &3 HOIHE HZE 3t ot
Ch. =Jt2, JI0S ola =8 =3 < 02 210 Ha=2 dao S840 2l
OIZ22 0 80| e 48 d) = d2MH== 01806t0 24 Jloe RHE =
d = g3l HE 02 FUIE =80t Ml =8 HEotALH
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" Driver gear
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Figure. 14 Schematic diagram of polymer gear durability experiment
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Figure. 15 Measuring weight loss after gear durability test for calculate wear rate
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Figure. 16 Variations in the Gear torque efficiency of each gear teeth design according to

rotational cycles
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Figure. 17 Variations in the Gear flash temperature of each gear teeth design according to

rotational cycles
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Involute a:20.0° | | Involute a: 14.5°

¥ No wear occured

Wear occured
: Root fracture

Figure. 18 Failure modes of each polymer gear pairs
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Table 1. Wear volume & rate values of each teeth design gear pairs

Specimen (ABS - 1.13g/cm’) [50]

Wear volume (mm’)

Wear rate (mm/rev)

Driver

4.96x10°°

2.76 <101

Involute (@ : 20.0)

Driven

2.39 10" °

1.33x10° "

Driver

6.26 < 10 *

5.80 X 10 2

Involute (@ : 14.5)

Driven

2231074

2.06 <102

Driver

1.77x107°

9.83x 10"

Cycloid

Driven

1.86x10 "

1.03x 10"
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25 20.0° & D=2X JI0= MOIZZ201E IS &2 14.5° 2 J|0e SAUHEEL
ds= 2L 0l 3ol 30 printed ABS UE2AF JIO Ol Al AOIZ2Z20/E XIE2
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o (20l U= =52 & = U220, pEeld =22 orLie 8¢, 25, E4
= Sofl MAEE ABS JINe 3k 2 A7 830] Jtse A0l 2ot
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1.0 4
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o8l i - ”' |

Gear efficiency

v U | | .. TN— 1 . 1 -
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0.6 1Yt Fracture point || -
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Figure. 19 Variations in the gear torque efficiency of Cycloid gear at different output

torque value according to rotation cycles
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Figure. 20 Variations in the gear flash temperature of Cycloid gear at different output

torque value according to rotation cycles
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Root fracture

Figure. 21 Failure modes of cycloid teeth design polymer gear pairs

Fig. 212 AOIZZ0lE J10Q output E30 ME
Z0IE JI al2ld Ad Z21F 2.4 NmQl 2= E3 &

|o—| 24
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Table 2. Wear volume & rate values of cycloid teeth design polymer gear pairs

Socci Wear volume Wear rate
ecimen
P (mm?) (mm/rev)
Dri -5 —14
Cycloid 1.2Nm r‘1ver 1.77 10_5 9.83 X 10_ 3
Driven 1.86 < 10 1.03 <10
Dri —4 —12
Cycloid 2.4Nm rllver 2.73 X 10—6 1.52 X 10_ "
Driven 2.65 %10 1.47 <10
Dri . —4 . —11
Cycloid 3.6Nm I‘.IVCI' 8.57 X 10_4 2.38 % 10_ 11
Driven 7.66 <10 2.12 <10
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DEA IS g 2 XA d5 220 JI0 X0l ZMct=E S22 iAot
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= 98 Jloe T2 CHIE Il F&EF (pressure angle a: 20.0° ,14.5° ;
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Figure. 22 ABAQUS mesh structure of each gear model; Involute 20.0°,
Cycloid gear
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2. 710 AW &4 B4 9 A7

AB™OZ AWII0C HHE B LE AL

ISO2E AGMA standardOil J]@laH0d
A HSHCH. AGMA standardUlAl J1HS =0 &= & 2410 2JotH I XIHS =[O

= g2 s 20, [51]

Oy = Zp\| LK K

HIIM o= 20N EF 222, 2 HxS2 T ofY AHMMH ALSE Hat
42 Table. 30 S AIGHACE.

Table. 3 Max gear contact pressure equation meanings, symbols, and values

Meaning Symbol Value

composite modulus ( MPa) ZE 14.92

Transmitted tangential load (N) E 52.29
Overload factor KO 1
Dynamic factor Kv 1
Size factor f(s 1
Load distrbution factor K H 1
pinion pitch diameter (mm) dwl 45
Face width (mm) b 8
surface condition factor Z R 1

0.08 while a :20.0 °

surface strength geometry factor Z T 0.06 whil 145 ©
.06 while o :14.

20.10 while a :20.0 °
23.21 while a :14.5 °

Max contact stress (MPa)

_3’]_
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Involute gear
(a) Contact behavior

4

Contact force

A B c
Pitch circle Pinion Line of ?Ctio“
B z il
A Gear Pitch point
Start of contact Pitch point End of contact
Cycloid gear

Contact behavior
Pitch circle . ) Line of action

LY A - _..r'.
' Pitch point

Gear

Figure. 23 Contact behavior of the inovlute spur gear and distribution of the contact force

along the line of action (a), Contact behavior of cycloid spur gear(b)

Fig. 232 &IOS &= gt 8= HHUSS UEUHADH. LEFE IS 3=
SAlat JIoe X" AA0 Ot 25201 €EoH Pitch pointlliA=s = 01 =
ot &= A € = UL ddUt AIOIZ=201E JI0= 28201 EoHA §E2H
Pitch pointOliM= 2201 0° JF @& 2QICH. 01248 XO0IZ2 Qo 2 XIE 28 =4
o 0lngs, d2lid sgd=2 X0lJF 2doti =, 2 A70As X0l U2
=29 X0IEE RetAolHdE Sol SZotAU
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Figure. 24 Contact pressure distribution along the rotation angle of each gear models
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JIN A2l Z200A 201X 14.5° o 2E2A4S It QIERE I
geEs 20t 22 AgXAH0A g WE0l HR2M, 20.0
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Figure. 25 Von Mises stress distribution of the each gear model pairs; involute 20.0°(a),

involute 14.5°(b), Cycloid gear(c)
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A 4 A EAAY ] HE 18R B7|oje] EgtolBEA
54 37}

A1 2 Ad AE £H 9 EfolERA 54 It

LAR Zu 2 AY 3 75

= AFHUA= Ul JtXl 572 3D printed D=A M2 H2H EC0I==2X S4
H

= Sdotd, Y 2=t ECt0I=2X SE= 2e Mzl JI0 MA Al EciOl==2
A S0l T2 JI0 dzld 252l Batoll ol &0ttt 2 A70 AtSE Mz

ABS(Acrylonitrile Butadiene Styrene), PE(Polyethylene), PP(Polypropylene),
PA12(Polyamide) MMEE AMAGIF2MH, PA12 ME= SLS Z2E S 0l206t¥ D, ABSS?
PE 12l PP= SLA Z2lE BtAlS 0|26t HIAZULH. 22 AIES HH E2IolE=2

A Ss B 242 9ok 2x2x 1 m 22 SEHE 2 D2X ZRY KM HZGH

rir

2 5
Ch. AlE2 28X OE Ec0I==2X S4 EItE fdl JI= AlEL 28 At
ANE, BHIE AE, Jdeld FHAOR DEO & AMBEL2Z LsH 242 d8gs d
etlh. Table.41t Fig. 262 2 AlE2| O[0IXI2 JIAHAE =4 Xl gLOIC.

NIV S

Figure. 26 Four types of 3D printing materials manufactured for evaluate tribology
characteristics

Table 4. Mechanical properties of four kinds of polymer specimens [50,52]

Specimen Young’s modulus Tensile strength
ABS 1227 MPa 30 MPa
PE 1000 MPa 28 MPa
PP 1500 MPa 33 MPa
PA 1700 MPa 48 MPa
- 36 -
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MS300HS

Figure. 27 Acetone fumigator for surface polishing

Acetone vapours Interface starts dissolving
Real 3D printed 3D CAD profile /
product

2%3 ,_> @ | >

(a) (b)

Dissolved polymer begins Surface becomes smooth Final polymer product surface
filling the void and air gap and void gaps disappear (shrinks after solidification)

(d) (e) (f)

Figure. 28 Schematic diagram of 3D printed specimen surface acetone fumigation process
[53]
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0 &2 20|12 OtMIES 20 ZHA
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N AES HHE MATI
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240 2 g¢< =
22 S 4T ol HOE & & JAl= FE0 AL, 2 A7 M= S W=
OtMIES 2 = AMB = HiXIot] of 30° =2S0lA 8 AlZE Dt SEAIRCH 1
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29 Dip coating machine for surface CNT coating (left), Actual polymer gear CNT

Figure.

coating (right)
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Figure. 30 Reciprocating machine for measure Coefficient of friction

Fig. 302 2Y Ec0I=2X Sd 2485 Fol MEet NES=E Ot AIZII0ICH
e &HHl= AEO0l EE stageE ZHSZ S 0|0t HESE=d 22 X0/
A = AMBEL ZE2 jigll 2E=EAS RGN AlEY X0 2= AEH=S 0HE
ANZ I &= Ot28 s =dot0 OtEA+=2 &Fett. & A0 AtSE 0FEAIE
el gz dUME XS Iim A8=S MESIUDH, =&ots IN, =5
4Hz, =31 : 10,000 Cyclez ag= Aot Ot H+=S =ZotULt. OIEEE=2
ZEMIL = HAZHUA MOl ZASH, CoIH d2ids Aol = 321 01y
ags ghsottt

_40_

(“/Collection @ chosun



Figure. 31 Laser scanning confocal microscope for measure surface & wear
Fig. 312 =& #0l& (Confocal microscopy) 22, &0IX BHAIS Ol&0H0]
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Figure. 32 Water Contact angle of 3D printed four kinds of polymer materials under
different surface treatment

2F AIEHO EH Xl 22 Young_Dupre equations OlEot0H EHUHIUKX 2t +

5T, [60]
v(14cosh) = W (11)
ZA (11)2 292 FEAS S5 BHNUK £5 ZAO=2, = %Mo HY X
A (Di water = 72 mJm °), A= DM} MHZ2e EH =2 e EZHUHUX
(mJm 2)0ITH, 2+ AIBO| EHHUK 2t Table. 501 LIEHLHQLCE.
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Table 5. Contact angle & surface energy of each polymer specimens

Fumigation
Specimen Pure Fumigation CNT
& CNT
Contact angle (°) 67.082 74.593 47.534 45.126
ABS
Surface energy (me—z) 100.037 91.128 120.610 122.798
Contact angle (°) 84.956 79.072 69.988 57.584
PE
Surface energy (me*Q) 78.331 85.649 103.576 110.596
Contact angle (°) 91.305 87.706 74.729 68.545
PP
Surface energy (me—Q) 70.359 74.882 90.963 98.335
Contact angle (°) 87.424 70.669 68.553 63.347
PA
Surface energy (m.Jm %)  75.236 95.834 98.326 104.298
sd=E 854 =8s S 2E WX 24 20, ABSE Mgt AlES] 22 OAl
= &5 St ZUHXC Al FX 28 2H0| asotd 28 WX SotgsS €
= AqCH el ONT 2E0| Jtol & Al 2= AIES] 2% HUXIJE SItotR U, &
S ZEO0l Z0l dald AlES 28 HiUXe =0 S 28U ZAE 2E0HE
Ct. OIE Sol 231 ONT DE 0l EHOl JtoHE Al X 2F 2 A4S HH BS
£ Sofl D=2X I HH0| ZoidES 7 = Ul
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Figure. 33 Surface roughness of 3D printed four kinds of polymer materials under different

surface treatment
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2t Hz2

Table. 62 &2
1 E=XNE BHA

ZAHUME =2 =

Hertzian contact theory

o X E=

sS4l AtEotAt
ga1 Hveg, el

Table 6. Hertzian contact analysis of four kinds of polymer specimens

Contact area of

Specimen Max contact stress Vertical deformation .
radius
ABS 53.08 MPa 0.0018 mm 0.0299 mm
PE 45.24 MPa 0.0021 mm 0.0325 mm
PP 57.18 MPa 0.0017 mm 0.0289 mm
PA 67.37 MPa 0.0014 mm 0.0266 mm
Hertzian contact theory(l (2™, EFHAEQ| JIE == N2 H=sHeE MHages
PEOICt. 12l ABS? PP= Hi=xgt EsHEZ 20|H, PA= PECHH|l & 30%It&F HA
O XNCt. 0|2 Sof DHE 25 Al E® HAI|D} SUstCts JHEGHH, D&% o
OI201 JIE =2 Aoz Hat= ME= PEOID, BHUHE PA= OHEAHIZ € 0F2EF0|
& 82 Ho=z At 2l1), ABS2H PP= PERF PASl =2tei2 LIEIY Ho=z
Ol == C.
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Figure. 35 Variation in the coefficient of friction 3D printed four kinds of polymer

materials under different surface treatment according to Sliding Cycles
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Figure. 36 Average coefficient of friction 3D printed four kinds of polymer materials under

different surface treatment
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37 Wear rate of four kinds of 3D printed polymer materials under different surface

treatment
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Figure. 38 2D profile laser scanning confocal microscope surface images of four kinds of

3D printed polymer materials under different surface treatment (ABS, PE, PP,

PA)
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Figure. 39 3D printed cycloid PA12 polymer gear pure (left), Surface treated (right)
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Table 7. Wear volume & rate values of 3D printed PA cycloid gears

( PA : 0.93g/cm’) [52] Wear volume Wear rate
Specimen 3
( CNT : 1.71g/em’) [62] (mm?) (mm/rev)
Driver - -
Pure PA 1.2Nm
Driven - -
Driver - -
Pure PA 3.6Nm
Driven - -
Driver 75310 ° 418% 10"
Pure PA 12.0Nm
Driven 9.68 <10 ¢ 5.38 <10
Driver 2.14x10°© 1.19x 10" 4
Treated PA 1.2Nm
Driven - -
Driver 1.71x10°° 475 %10
Treated PA 3.6Nm
Driven 1.71x 10 ¢ 475 %10 1
Driver 2.290 <10 ° 6.36 <101
Treated PA 12.0Nm
Driven 1.71x10°° 475 %10

Table.72 Pure 3D printed PARI =X H2l& PAQl E30 E 02 OIR8 =
OICt. Pure PA= 3.6NmOIGtel &3 EF0AM J10{2 2 B3I S0 Ot2 A0
SJtsott. OdU 12.0Nm 012 s SZUAsE E2E HE0l Jisot=dl,
Ol S£8F ABSELCH 2 0.584018 D20t & X2 200, 0tZ2E0! 00l =oALt

HOXCIOt & PA= Pure PARCH 22 ot=S0ME OF20t HEZRUCH. Lt 0 £
St OIS i< ZO0Ig =2 20I0H, 12.0Nm2 == & 230N M= Pure PARCH
22 02 t2E8= 220, 0lHe 2= Fig.42d0 201 EH CONT 2E 30| &
F 0IEHA 2t 0122 20IH, =2 s SF0lM= 206l &2 0t2gs 20|
= 0lR= HE ONT ZE32 28 25 dgit 0HEE N2 0tol 2o PA S XHA|
O OI2= O0IR0 XX Z82=2 Qlst 2tz EOIC},

2 H0lA= Pure 3D printed PA THE22t EHX 2= 30 printed PA MZ2 AIOIZ2 =2
OIE XI& JI0 dlzld Ads oI A" 20 & Meses 24 Ad Z el ABSE
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Figure. 43 PA12 polymer gear machining involute gear (left), CNT coated 3D printed
cycloid polymer gear (right)

Collection @ chosun



7. 1.2Nm E3 75387

1.00

0.95 -

0.90

0.85 -

Gear efficiency

0.80

0.75 1

Machining PA (1.2Nm)| Treated 3D PA (1.2Nm)|

i\

0.70 .
0.0

T T T T
100.0k 150.0k 200.0k 250.0k

Cycle

T
50.0k
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Figure. 45 Variations in the Gear Flash temperature of machining PA gear, Surface
treatment 3D printed PA gear in torque(1.2Nm) environment
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Figure. 46 Variations in the Gear torque(3.6Nm) efficiency of machining PA gear, Surface
treatment 3D printed PA gear
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Figure. 47 Variations in the Gear Flash temperature of machining PA gear, Surface

treatment 3D printed PA gear in torque(3.6Nm) environment
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Figure. 50 Gear teeth surface images of after experiment at different torque environment

Table 8. Wear volume & rate values of machining PA & Surface treated 3D printed

PA
( CNT : 1.71g/cm’) [62] Wear volume  Wear rate
Specimen 3 3
( PA {non 3DP} : 1.2g/cm’) [63] (mm?) (mm/rev)
Machining PA Driver 877x10° " 4.87x10° "
1.2Nm Driven 2.63x10°° 1.46x10" "
Machining PA Driver 7.02x10°% 3.9x10" "
3.6Nm Driven 9.65<10 ° 5.36x10 "
Machining PA Driver 8.77x10°% 4.87x10 ™
12.0Nm Driven 1.05x10"° 5.83x 10"
Treated PA Driver 2.14%107% 1.19x10™ 4
1.2Nm Driven - -
Treated PA Driver 1.71x107% 95x107"
3.6Nm Driven 1.71<10°% 95x10° "
Treated PA Driver 2.29x10° % 1.27x10 ™
12.0Nm Driven 1.71x10°% 95x10° P
Fig. 501t Table. 82 JIN dlz2d A& = 2 JI0HQ X0t EH O0l0IXet Ot2E
2 0I2= OOl EOITCH 2 JI0e setd22 X0t Ot2= 20IA 22U, 30 Z&l
g PA XIOtOlA = OFZE0l Sloff DEO|I €2 0lge &= 2eI0. U Table.8 OF
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