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Abstract: The thermal degradation behavior and reliability analysis were investigated using dynamic thermogravimetric
analysis (TGA) and accelerated degradation test (ADT) to characterize the dynamic parameters related to thermal
degradation of plastic meterials for household electric appliances. In addition, the weathering of the plastic were performed
by ADT using Xenon arc, and the color difference of the samples after ADT were measured with Color Eye 3010
spectrophotometer. The activation energy for thermal degradation of the samples increased with increasing the rate of
weight loss. The Kim-Park method was found to be more effective analysis in describing thermal degradation of plastic
meterials. Plastic materials were very sensitive to ultra-violet rays in faster degradation.

Keywords: activation energy, plastics, reliability, thermal degradation.
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Table 1. Physical Properties of PP, ABS, HIPS, and PC

HIPS PC ABS PP
Specific gravity 1.04 120 1.04 091
Melt flow index 38 20 43 118

(2/10 min) (200 C/5kg) (250 T/10kg) (200 T/5kg) (230 CR2.16kg)
Tensile strength 29 ) 41 24

(MPa) (0mm/min)  (Smm/min)  (Smm/min) (50 mo/min)

Notched Impact 108 588 294 29
strength (J/m) (1/8 inch) (1/8 inch) (1/8 inch) (1/8 inch)
Heat distortion 79 130 85 65
temperature (C) (18,56 kgfem?®)  (18.56 kgdem?) (18.56 kgfen?)  (18.56 kgyen)

* () : testing condition.

Table 2. Accelerated Degradation Testing Conditions

Conditions
Type 4
Dark cycle Light cycle

Lamp type 3.5 kW Xenon 3.5 kW Xenon
Irradiance 0.55Wm’ / 340nm 0.55 Wm’/ 340 nm
Panel temp. 383 C 89+3 C
Bulb temp. 38+3 C 62+2 C

Humidity 95+5% 50+5%

Cycle duration 1 hour®6 min 3.8 hour®6 min
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Table 3. TGA Results of PP, ABS, HIPS, and PC at Various Heating
Rates in Nitrogen

Heating rate( C/min) T(C) Tan?(C) W00’ (%0)

5 3534 446.3 0.0

PP 10 368.7 458.8 0.0
20 397.0 469.9 0.0

5 264.9 407.2 4.0

ABS 10 281.4 420.6 54
20 307.5 434.1 6.3

5 2732 415.0 0.7

HIPS 10 302.1 427.5 0.9
20 328.3 440.6 1.4

5 426.1 500.2 21.7

PC 10 439.2 520.2 23.6
20 460.7 534.2 23.7

“ Initial decomposition temperature. b Decomposition temperature of the maximum rate.
“Residual yield in TGA at 700 C.

Table 4. TGA Results of PP, ABS, HIPS, and PC at Various Heating
Rates in Air

Heating rate(°C/min) T(C) T (C) Waoo'(%0)
5 224.2 334.0 0.0
PP 10 240.4 362.7 0.0
20 261.3 418.5 0.0
5 257.2 404.0 3.7
ABS 10 2823 418.0 4.0
20 310.6 4339 4.3
5 276.2 405.2 0.2
HIPS 10 283.2 4224 0.3
20 302.1 4339 0.6
5 387.0 484.4 0.4
PC 10 405.8 506.0 0.9
20 438.0 530.0 1.2
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Figure 1. TGA-DTA curves of PP at various heating rates in (a) air and (b)
nitrogen atmospheres.
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Figure 2. TGA-DTA curves of PC at various heating rates in (a) air and
(b) nitrogen atmospheres.
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Figure 3. TGA-DTA curves of HIPS at various heating rates in (a) air and
(b) nitrogen atmospheres.
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Figure 4. TGA-DTA curves of ABS at various heating rates in (a) air and
(b) nitrogen atmospheres.
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Figure 5. Friedman plot of In(da/dt) versus 1/T for PP in nitrogen.

log q

0.8

0.6
130

135 140

10%/T(1/K)

145

Figure 6. Flynn-Wall plot of log ¢ versus 1/7 for PP in nitrogen.
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Figure 7. Kim-Park plot of In ¢ versus 1/T4y, for PP in nitrogen and air.
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Figure 8. Kissinger plot of In(g/Tu,’) versus 1/Tys for PP in nitrogen
and air.

Table 5. Activation Energy of Thermal Degradation for PP, ABS, HIPS,
and PC under Nitrogen Obtained by Kim-Park and Kissinger Methods

Kim-Park method Kissinger method
E,(kJ/mol) R E,(kJ/mol) R
PP 247.8 0.99918 247.8 0.99918
ABS 195.8 0.99995 194.4 0.99996
HIPS 210.2 0.99999 209.3 0.99999
PC 198.4 0.99331 195.5 0.99244

Table 6. Activation Energy of Thermal Degradation for PP, ABS, HIPS,
and PC under Air Obtained by Kim-Park and Kissinger Methods

Kim-Park method Kissinger method
E,(kJ/mol) R E,(kJ/mol) R
PP 56.0 0.98990 452 0.98417
ABS 1754 0.99961 172.9 0.99967
HIPS 180.9 0.99139 178.7 0.99235
PC 145.9 0.99986 1404 0.99989
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Figure 11. Friedman plot of In(do/df) versus 1/T for HIPS in nitrogen.
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Figure 16. Kissinger plot of In(g/Tun’) versus 1/T4y, for PC in nitrogen
and air.
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Figure 17. Photographs of the PP with accelerated degradation time : (A)
before, (B) after 108 h, (C) after 180 h, and (D) after 252 h.

Figure 18. Photographs of the ABS with accelerated degradation time :
(A) before, (B) after 108 h, (C) after 180 h, and (D) after 252 h.
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Figure 19. Photographs of the HIPS with accelerated degradation time : (A)
before, (B) after 108 h, (C) after 180 h, and (D) after 252 h.

Figure 20. Photographs of the PC with accelerated degradation time : (A)
before, (B) after 108 h, (C) after 180 h, and (D) after 252 h.

Table 7. Change of AE* for PP, ABS, HIPS, and PC with Accelerated
Degradation Time

Accelerated degradation time(hours)

108 180 252
PP 3.47£0.1 5.68+0.2 7.1£0.1
ABS 1.12+0.3 1.381£0.3 2.98+0.3
HIPS 9.95+£0.4 15.56£0.7 22.3%0.8
PC 1.85£0.1 3.85+0.2 8.55+0.4
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Table 8. Thermal Properties of PP, PC, HIPS, and ABS Before and
After the Accelerated Degradation Testing

Tg ]}f Zuﬂx T? Aﬂif

49) 49) (/g) 49) (/g)

PP 21.7 166.5 96.9 107.2 94.6
Before PC 146.5 - - - -
ADT HIPS 102.6 - - - -
ABS  108/139 - - - -

PP 214 143.9 90.8 104.9 94.8
After PC 144.7 - - - -
ADT HIPS 101.1 - - - -
ABS  106/138 - - - -

“Values obtained from the DSC heating trace at a heating rate of 10 C/min.
PValues obtained from the DSC cooling trace at a cooling rate of 10 C/min.

Figure 21. SEM microphotographs of the PP with accelerated degradation
time : (A) before, (B) after 108 h, (C) after 180 h, and (D) after 252 h.

Figure 22. SEM microphotographs of the HIPS with accelerated degradation
time : (A) before, (B) after 108 h, (C) after 180 h, and (D) after 252 h.
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Figure 23. SEM microphotographs of the ABS with accelerated degradation
time : (A) before, (B) after 108 h, (C) after 180 h, and (D) after 252 h.
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Figure 24. SEM microphotographs of the PC with accelerated degradation
time : (A) before, (B) after 108 h, (C) after 180 h, and (D) after 252 h.

SN B om AREE Al of=tell 7191d Apeldel| el A3t
HuA pPE L Sl EAL ARee] sfeldee] A, Akt
oI 22 SperAst FENstel wE AR FHe] wdo] TR
Ao ghEh HIPSS| 495, PPo} fALSHAl 30 Aspa|ito]
7kl whet o] AR at gd@de] Al Sk A
& HERHRIE e, peol A, 3 AsprRte] Skl whet
A3 H 7ol PPot HIPSS] 75411 AskA] kL, &
Z s} Alzho] 252413kl o]28l S ) Alg mRle] #dE gl U
ERstth

£

i
My

B Aol 7HdAES EEkeY ARl
4 'Er A, 22lal FHAe] e Wi
=S ‘?i TE ngo}oq U g AE



HAAEE FeoE

Kim-Park *H¥} Kissinger & ©]-838}o] LAIgH 1] zef| A &R13k
T el AREE THAAIEE EEkE 471 B AEAISE 099
o] ’de] ujg- AFAHRI #Al0] 2HEE A& 4 AATE 1] Kim-
Park Hell 93] AlLke sl 2493} oluA] Fkol Kissinger ol
ol Arkel grEt Atk AS 1T F UATE AREE EE 7
AAEE Sk Ass da B97)64 2ot 371 2971604
oS A2 dis] @43t olvA gks veblled, ole B &9
71etell A kst gkgo] WAste] A A S HAE T
S7IAA FekaE Ane G3tEds 7REsIAI) Y] wielth
GA3} olvA] AR iEAte] it £17) Frkete] ek
Aze] dalEdo] te wEA gy Ao ddE
52 7JINIEE ECtAES LHEY

AREE BE 7HAAES EehaE Alae 3 g5 ARl
S7Fgl wel A B SRR 73?% ERRITE PCS} ABS
o A% ABAG AR FARE AR RO
W S AshAG Azl 25200 EEEghS W pee] ARt
27 Z7kete] ABSS] oF 200 o] A3 UiERligic HIPSe]
A9, TE AAAES Beag Amel W) BE £ A
AlZF A - 2 *“74*“ YER L oM, Zp2)ide)] ogh dstel o
o 7V g Aow HASIC, SEM 4] 43, PPol HIPSE
20 Qe B T H AR ZAEA) A
5 3A F7RE, ol ALl o dstEWA PPE T
slal Qe AR ARE9 shekAgte] dd ksl 3 22 skehd
o 2 Wt wE Zo® AlgHTh a2y Pee A, X 4
ol28& uf, o] HdE o] YT

am N J{o N

i7] =7

LA 2 ¥ AT AT A4 st AR
TAE) Aol 492 o} FaEIglon, oo ZAFE U

Azl is

1.

517

==
Y
ofi
e,
2,
)
o
o,
N
N

M. R. Hamid, M. b. Amin, and A. G. Maadhah, Handbook of Polymer
Degradation, Marcel Dekker, New York, 1992.

. Z. Gao, T. Kaneko, I. Amasaki, and M. Nakada, Polym. Degrad. Stab., 80,

269 (2003).

. X.G. Liand M. R. Huang, Polym. Int., 48, 387 (1999).

4. M. Suzuki and C. A. Wilkie, Polym. Degrad. Stab., 47,217 (1995).

i

15.
16.
17.
18.

19.

. E. Serrano, A. Zubeldia, M. Larranaga, P. Remiro, and I. Mondragon,

Polym. Degrad. Stab., 83,495 (2004).

. H. L. Friedman, J. Polym. Sci. C., 6, 183 (1964).

E. S. Freeman and B. Carroll, J. Phys. Chem., 62, 394 (1958).
A. W. Coats and J. P. Redferm, Nature, 201, 68 (1964).

. W. L. Chang, J. Appl. Polym. Sci., 53, 1759 (1994).

. J.H. Flynn and L. A. Wall, J. Polym. Sci., Polym. Lett. Ed., 4, 329 (1966).
. L. Reich, J. Polym. Sci. C., 6, 183 (1964).

. S.Kimand J. K. Park, Thermochim. Acta, 264, 137 (1995).

. H. E. Kissinger, Anal. Chem., 29, 1072 (1957).

. F. Hernandez-Sanchez and R. Vara-Graziano, J. Appl. Polym. Sci., 46, 571

(1992).

X. G. Liand M. R. Huang, Polym. Int., 46, 289 (1998).

Z.S. Petrovic and Z. Z. Zavargo, J. Appl. Polym. Sci., 32,4353 (1986).

T. Ozawa, J. Thermal. Anal., 2,301 (1970).

A. Nelson, Accelerated Testing-Statistical Models, Test Plans, and Data
Analysis, Wiley, New York, 1990.

F. W. Billmeyer and M. Saltzman, Principle of Color Technology, 2nd Ed.,
John Wiley and Sons, New York, 1981.

Polymer(Korea), Vol. 29, No. 5, 2005



