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Abstract: Fatigue properties of rubber are one of the most important characteristics in the rubber industry. In this study,
the fatigue properties of MREs (magneto-rheological elastomers) based on NR (natural rubber), EPDM (ethylene-propylene
diene monomer), and AEM (ethylene/acrylic elastomer) were investigated. For comparison, MREs with a Shore hardness
of 60A were prepared. According to the relative results, the fatigue properties of EPDM MRE were the worst. Thus, we
investigated methods to improve the fatigue properties of EPDM MRE by varying the carbon black content and curing sys-
tems of EPDM as the matrix of the MRE. Dynamic properties were measured using a fatigue tester and an RPA (rubber
process analyzer), and the XPS (X-ray photoelectron spectroscopy) was used to analyze the curing system of the EPDM
matrix. According to the results, the Payne effect increased and the fatigue resistance decreased as the carbon black content
increased. In case of the curing system, the CV (conventional vulcanization) system was superior to the EV (efficient vul-
canization) system in terms of the fatigue resistance. This was because the number of flexible bonds in the case of the CV
system was higher than that in the case of the EV system. However, the EV system showed excellent mechanical properties
because it had many monosulfidic bonds with strong binding energy.
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TP BASHch B4 Akl g BAUZE XPS (X-
ray Photoelectron Spectroscopy), SEM (Scanning Electron
Microscopy) ¥ RPA (Rubber Process Analyzer)g AR5}

A5
Experimental
1. M=z U HiE

1.1. X2

EPDM2 23 Z ALY Keltan KEP-960N(F) (pelletized,
70% ethylene content, 5.7% ENB unsaturation), NR2 PAN
STAR®] STR 5L, AEM& Dupont®] VAMAC G (linear
polyester)S ARR5}9 T 2AA = 7FEESH N330 (Aditya
Birla Chemicals), MRPZ+= BASFA}2] Carbonyl Iron Particle
(CIP, 4R} Abo]= 4.5~5.2 um)yS AHESHRTH 7HA| A6l
A3t A7IAl= Puyang Wiling ChemicalsA}®] zinc oxide
(Zn0), stearic acid (SA), sulfur (S), N-cyclohexyl-2-benzo-
thiazyl sulfonamide (CZ), dibenzothiazyl disulfide (DM),
AkrochemA}2] di-ortho-tolylquanidine (DOTG)¥} hexamethyl-
ene diamine carbamate (Diak No.1), VanderbiltA}2] polyoxy-
ethylene octadecyl ether phosphate (VANFRE VAM)E A&-5}
et

of yoja W2 HEE 7 A|F0R 7}
24 3 Shore-A A% 60 YER)= MRE
t}. NR9] AL 7B 35 phr, EPDMO] 7

= 7HE29 30 phr % AEMS] 29 20 phr RS
24 Shore-A AE 60 2H& 2 glgith webA
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SE BE 24 §AT A AHREY FFL 0, 15,30 2 40
ph7}2] Ws}2 23 zkzF EPDMO, 15, 30, 4002 Uehfjo]
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Z|Hj& Q] conventional vulcanization system (CV-system), T
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S XYt AHEE CIPE 30 vol%® §A]3HL
HiFEE9] 242 Table 13} Table 20 YeRHITH

Table 1. Formulation of MRE Compounds (unit : phr)
NR35 EPDM30 AEM20
Rubber 100 100 100
C/B 35 30 20
CIP 192 204 175

SA 2 1.5 1.5
ZnO 5 5 -

CZ 0.8 0.5 -

DM - 0.5 -

S 1.5 1.5 -
VAM - - 1.5
DOTG - - 4

Diak no.1 - - 1.5

Table 2. Formulation for EPDM Curing Systems (unit : phr)

Curing system

()% semi-EV EV
EPDM 100 100 100
C/B 30 30 30
CIP 204 204 204
SA 1.5 1.5 1.5
ZnO 5 5 5
(0V4 0.3 0.5 5
DM 0.2 0.5 3
S 1.5 1.5 1.5
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9] initial clamp distance®} 500 mm/min®] cross-head speed &
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2.3. Rubber Processing Analyzer (RPA) A

Rubber Processing Analyzer (RPA2000, Alpha Technologies)
£ ARESH 3 skl sidshe H = o3t 24 s
A3 A€ EEE strain 0.05~ 50 Deg, frequency 1
Hz, temperature 170C 2] Z73}9] strain sweep testS 2 P35}

o] shear storage modulusE& &%} Tt

2.4. X-ray Photoelectron Spectroscopy (XPS) 24
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Results and Discussion
1. HEEZIA Q8o 2 D|2EN

EGA §3o g H2EAAS AHZ o= v|ustr] ¢
| 5 L3gt A= (Shore A type : 60)5 7|E2. 2 3Tt Y
3= NR, EPDM 9 AEMe| 7}253 9] 3hsfS 27} 35,
30, 20 phr& H7FFo 20 AS = 9l%leH, 7HEEd 9 3
ZFof] wa} NR35, EPDM30 ¥ AEM202 2 el it A=
¥ MRE°| ¥HE HES 7 27 whet 715t § A=
WIS S48 2 A5 Figure 19 YeR )iTt. Figure
lol= H2AIH A A=} =AY T JAFA=E
H3kE (%)= YERHSITE Figure 1(a)ef] Wb wiel 2o
NR359] 7 5,000 cycleo| A= ®2k&o] 10% 7 5 F,
cycleo] Z7hatol wet Zhaahs A2k L9tk AEM20
& v W] whE RAES] 2 W} Bolx| gho} 7]
2Ago] 7 $sithal waskglal, EPDM309] ¢
cycleo] E7181AA AHA}F AR =71 ZHAS1S] 20,000 cycle
ol A= 72.8%7HA] FrAskiet. o|2f3t A3 Figure 1(b)o]
e vket ZHo| frequency”| Z7151o] = SAFSHE o0 HEE
M o] 2w7h 2o 10 Hol 2] Mskg- 5 Hzol uls) 2
Al bttt o] 23k Aol Y9l Wy HP O R opy|E=
S A dA 3t o X]&A (hysteresis) o2t ALRE
o, o]of wz} MEZ XA 7tu =] WIS 2HFPS ALR
weste] g AR T Eelstith. I 2= Figure 2
ol LR ict. Figure 20 Lehu vhoh 7o) AEM202] -5
5k Wyl wek Peme] Wk} wolx ekghth. NR3SO
A& frequency®] A Qo] 5,000 cycled| A He=7t A
T} cycleo] Z7FHAA ThA BREsL ZAkeke ATkE U

ol

N,

[l 5000Cycle
1201 [ 10000Cycle
[ 20000Cycle

o
o
1

[o]
o
1

Change of tensile strength (%)
& 3
1 1

N
o
)

EPDM30 AEM20
Sample type
(@)
I 5000Cycle
1204 [ 10000Cycle
I 20000Cycle

100

80

60

40 4

Change of tensile strength (%)

20

EPDM30
Sample type

(b)

AEM20

Figure 1. Change of tensile strength after fatigue test; (a) 5 Hz
and (b) 10 Hz.
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Figure 2. Change of swelling after fatigue test; (a) 5 Hz and (b)
10 Hz.
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Figure 3. RPA results of various MREs.
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Figure 4. Creep test results of various MREs.
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Table 3. Change of Tensile Strength after Fatigue Test for MREs with Different C/B Content

5,000 cycle 10,000 cycle 20,000 cycle

5 Hz 10 Hz 5 Hz 10 Hz 5 Hz 10 Hz

EPDM 0 110.21% 109.31% 113.44% 98.56% 93.37% 90.68%

EPDM15 101.70% 95.00% 95.92% 86.81% 86.33% 82.63%

EPDM30 102.28% 84.69% 81.34% 76.43% 78.43% 72.80%

EPDM40 97.24% 84.01% 80.83% 75.00% 77.88% 71.68%
~=— EPDMO ol Fpa) T LS UERIT Atk WA 27] 2E
o f TV L Erowse| @49 HEF mEelAd At ARBE ) Yepel 31U4S
0] Ay STEPDMAOL ) gk 5, AHR B gl F7484S Payne B3

Shear storage modulus (kPa)

T — T — T
0.1 1

Strain (Deg)

Figure 5. RPA results of EPDM based MRE containing different
amounts of carbon black.
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Figure 6. Creep test results of EPDM based MRE containing
different amounts of carbon black.
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Figure 7. XPS spectra for S 2p of (a) EV-system and (b) CV-
system.
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Table 4. XPS Peak Data of (a) EV-system and (b) CV-system
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Figure 8. Change of tensile strength of EPDM based MREs with
different cure system; (a) 5 Hz and (b) 10 Hz.
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(b) CV-system

Name Peak “BE OFWHM Atomic% Name Peak “BE OFWHM Atomic%
sciix-lc/z 164.23 1.14 4.44 scif)x-lc/z 164.68 1.34 39.32
Scéi‘f/z 163.60 1.12 18.79 sciixf/z 163.38 1.35 11.92
SCZ'S'IC/Z 163.90 1.10 3.76 scz-s-lc/z 162.58 1.35 19.30
SCZ'S';Z 161.76 1.27 73.01 scz-s-sc/z 161.68 1.35 29.46

@BE : binding energy (eV)
OFWHM : full width at half maximum (eV)
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Figure 9. Change of swelling of EPDM based MREs with
different cure system; (a) 5 Hz and (b) 10 Hz.
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Figure 10. Creep test results of EPDM based MREs with different
cure system.
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