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Thermal Degradation Analyses of Epoxy-Silica Nano Composites

Seo-Hyun Jang*, Yusu Han**, Do Soon Hwang***, Joo Won Jung***, Yeong K. Kim****"

ABSTRACT: This paper analyzed the degradation behaviors of silica nano epoxy composite based on the
isoconversional method. The size of the silica nano particle was about 12 nm and the particles were mixed by three
different weight ratios to make the degradation test samples. The thermogravimetric analyses were performed under
six different temperature increase rates to measure the weight changes. Four different methods, Friedman, Flynn-Wall-
Ozawa, Kissinger and DAEM (Distributed Activation Energy Method), were employed to calculate the activation
energies depending on the conversion ratios, and their calculation results were compared. The results represented that
the activation energy was increased when the silica nano particles were mixed up to 10%, indicating the definite
contribution of the particles to the degradation behavior enhancements. However, the enhancement was not
proportional to the particle mixture ratio by demonstrating the similar activation energies between 10% and 18%
samples. The calculation results by the different methods were also compared and discussed.
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(diethyldiamino toluene)2 AME51o] HSAI AT & g X
I Miller-Stephenson Chemical Company, Inc2 F- & <Luf]
Thsalth. o] AT WAL e WA RS AFLE U B
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Table 1. The used kinetic method for the calculations of activa-
tion energies in the study

Method Equation Activation Energy

Friedman | |, (;; Z—:) = InA + In[f(e)]— % In(p52) vs. 2
Flygx;;‘\gll- in = tn( R;’fa))— 5331 1'052:7 Inp vs. -
DAEM In (%) =In (%R) +0.6075 — % (%) vs. 1
Kissinger In (TEPZ) = —% (T—lp) +In (g) In (T%) vs. Tlp
Table 2. MEK-ST Properties

Particle size Sio, Viscosity SCfreai/llftl;
MEK-ST | 10-15(nm) |30-31(wt%)| <5(mPa-s) | 0.98-1.02
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Fig. 2. 0% sample weight changes depending on the heating
rates
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ot o] glol8E o]8-3te] shollA vl W] 7hA] e =
At v A E Artste

4.2.1 Friedman Method
Friedman & S| 9%t b
o 919] 4] ()M S8 pB welstE, cheat o
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h(Bj)—JnA+hﬂﬂaﬂ——— %
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w8 st A B AU 4 sl

Fig. 32 Friedman 4¥lo] uhe} 2Hgslol 1S 7] 9]
3 ln(d(x/dt)E 1/Teof| whet 29 Jjzo|tt. 7] o 5
L5 fia) Azgro] T2 glojgE Aarez AE =4
A& A, 4 (7)0] 8 712710] A4S B 4t

o] &gsto A2 ALk o] F A ezl A At
) ghgstoi] A A4S Table 33} Fig. 40 Lieh3ic).

AlibE Aol w2 ™, A%t 2RH0.6<0<038), A3t &

In(-da/dt)

45'...|...‘1‘...|.‘.‘|...
0.0014 0.00145 0.0015 0.00155 0.0016

1/T (K)
Fig. 3. 0% In(da/dt) vs. 1/T for Friedman method

0.00165

Table 3. E (Activation energy) values depending on o (unit: Kcal/
mole) by Friedman method

o 09 | 08| 08 | 075 | 0.7 | 0.65 | 0.6 | 0.55
0% | 552 | 47.2 | 44.1 | 43.7 | 443 | 454 | 46.6 | 48.0
10% | 84.2 | 65.1 | 55.7 | 50.8 | 48.4 | 47.5 | 47.7 | 48.7
18% | 66.1 | 61.2 | 58.3 | 55.2 | 52.3 | 49.8 | 483 | 47.9

o 05 (045 | 04 | 035 | 03 | 025 | 0.2 | Avg
0% | 49.6 | 51.4 | 534 | 55.6 | 57.9 | 59.8 | 60.7 | 50.9
10% | 50.3 | 52.5 | 552 | 583 | 61.2 | 63.1 | 63.0 | 56.8
18% | 48.8 | 51.1 | 54.7 | 59.5 | 64.7 | 67.9 | 63.8 | 56.6
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Fig. 4. 0% Friedman Activation Energy changes depending on a

HH0.4< 0<0.6) 18|21 &3} SHH0.2< 0< 0.4) 0 2 LR
& ), A3} 2kat Futo A A7) el vHshs
AU A g Kol N A8t Fukol A= Ue)rt
Lol IAglo] A-sol vt A == FFS T

% ole. 3k, Ak FRUHs08)0 A 10%9] st
A ghol AiHOR BaE o 4 gtk

4.2.2 Flynn-Wall-Ozawa(FWO) Method
Flynn-Wall-Ozawa(FWO) #}l-& Sighilo] ot 523
go) W Alolul, 1 AL e 2k,

_ AE E
Inp = ln(Rg(a))_5'33l_ 10522 (8)
714 glo)="da/f(a) & A 23 FAlo|et. ufeba] oz}
LAY f 2] S2F] et In(B) vs. UT 13 29] 7]&
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Fig. 5. 0% In(B) vs. 1/T for Flynn-Wall-Ozawa(FWO) method
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(8)ell ofsl} sl L Z=H 7=l 714
3L -1.502 g5 WS 2N B4 St U A

Fig. 62 Fig. 55 HPE“’E At B3} oA & A
ol ufel epdl e olch. B ule} o) 10%2] o 7
= s Holm, 18%%] Hf- 27 WolAl= Al4bAa )
£ Hof £} %3t Friedman ¥ 0 2 AL Ao} ghel
Z7| 43} Fiol A w2 B8} ol J A& HolA] ¢kt
AR 0 2 W27 Y7t B A9 £ A A
A Foll vlsl P =2 7S 7Y whebs] 43k &
2 £/4& Holi= 22 Friedman Wiof o3t Aute} 5
skl A3} Sx8Ho > 0.8)9] S/d3to| | A= 10%H
61.7 kcal/mole ZfOo.2 713 =2 718 Hol W, 18%2]

£ 52.9 kcal/mole© 2 0%<¢] 52.0 kcal/molex} Bl & 2 QF
S 2 Afol7} gl Ao shlw,

4.2.3 DAEM(Distributed Activation Energy Method)
DAEM & o 8hul-go] th34 02 ot uf, 47
HES- U 273} o x| o] HetE aefste] Axtsiy, o=

Table 4. E (Activation energy) values depending on o (unit: Kcal/
mole) by Flynn-Wall-Ozawa method

o 09 |08 | 08 | 075 | 0.7 | 0.65| 0.6 | 0.55
0% | 52.0 | 51.1 | 50.2 | 49.3 | 485 | 47.9 | 47.5 | 47.3
10% | 61.7 | 63.4 | 63.0 | 61.1 | 58.7 | 56.4 | 54.5 | 53.2
18% | 529 | 56.8 | 58.5 | 584 | 57.2 | 555 | 53.8 | 52.4

3 e Aoz wr|Hch
1-a=[ e[, AT e ©)
o}714 Ay T2 W3- Uehfis SAstelu x| Eao]

a1, k= sl sty Ao W Stubar Aol i
TAL 0|5 &4 A(E)7} Gaussian E3Zo| 7|8kgich= 714
© 2 o]l AME Fol vha) o] 1hesl HArH12].

1n(]—2) - 1n(’iEE) +o.6075—1—% (10)

o]71 A E9} k gHE In(B/T) A&
defzzRE e 5 Qlch

DAEM HH-S A 83)17] 98] Holx 3o T2 S8

of thet dAgkol daskA, & l&&ﬂﬂb olu] 67}
o A2 thE s2F0l tste] AP o] & Fall ALt
o] Fet=g wolaat skt

Fig. 72 DAEM { o] upe} 8 e szoje}. K= u}
9} Zro| Fig. 52 Flynn-Wall-Ozawa AAFH3} QAT A1tS
HQl& o 4= 9low wlebA Fig. 83} o] Mghglo] w2 &
A} o U A% Fig. 63} A2l fARRS: & 4= 9lrh. o= Fig.
59} Fig. 704 S U8 xFH-E 1/TZ AHE 3 yZ-2 In(p)
ot In(B/T) o2 wlol el 7} A 2w Pl Aol A AHg-H
2= 9] (295~1000K)O A= 1/T22] Zro] U5t Zroba] 2 o
o] §17] wlzolth. Table 5= DAEMO.Z AILHE ofj 1 4]
Zkolw Table 49} WlalshH 7 o] 2 gro = ARES &

% it

e VT Hiske] et

4.2.4 Kissinger Method

Kissinger= ZjHl2-&w 7ol el JBA
Y HIA exo} Zoia A 2] o E
of GEAH BAORRE vHE BRI E Fohe
#olch flo) = 1- 0 &l A-90] ato] Aopuk-g & 271
of wte} F=% Kissinger W42 oh3t Z}H13].

Table 5. E (Activation energy) values depending on o (unit: Kcal/
mole) by DAEM
o 09 [ 08 | 08 | 075 | 0.7 | 0.65| 0.6 | 0.55
0% 52.2 | 51.2 | 50.2 | 49.3 | 484 | 478 | 473 | 47.2
10% | 624 | 64.2 | 63.6 | 62.0 | 59.2 | 56.8 | 54.8 | 53.4
18% | 53.2 | 573 | 59.0 | 58.9 | 57.6 | 55.8 | 54.0 | 52.6

o 05 | 045 | 04 [ 035] 03 | 025 | 02 | Avg
0% | 47.4 | 47.8 | 48.5 | 49.5 | 50.9 | 52.6 | 54.8 | 50.0

o 05 |045| 04 | 035] 03 | 025 | 02 | Avg
0% | 47.2 | 47.6 | 483 | 494 | 50.8 | 52.7 | 54.9 | 49.6

10% | 52.5 | 52.4 | 53.0 | 54.1 | 55.6 | 57.3 | 58.9 | 57.1
18% | 51.6 | 51.4 | 51.8 | 53.0 | 54.8 | 57.2 | 60.1 | 55.0

10% | 52.6 | 52.5 | 53.1 | 54.2 | 55.8 | 57.6 | 59.2 | 55.9
18% | 51.7 | 51.4 | 51.9 | 53.1 | 549 | 57.5 | 60.5 | 55.3
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h{%) - E(Ti) +ln(B§) (11)

o 71 A T,= ¥hg W3kEo] ¢l x40 A 9] &=olt}.
Fig. 9= 43 0 2 Yehh= Hf gh-gEolA 9 225
Hojzoh dgjzol A &g 4= o] |da/dT|7F Z| 3l
Ao LEE T,2 AR5 In(B/T,) vs. UT,0] 12)o]
71&7| 25 E /43t R] EE F5teltt o] W o £
off whet 7zt ghegoll whE B3t o A= she] e g =
S 5|3l 71 A3H= Table 60 Urelt Qo Aol A Hi= v}
o} Zro] 0%2} 10% ME2] gro| fAFsEL 18%2] gho| =7
7V OB A o]= Qo] A ’ol olaf A4k Aifet A
o] thEoh= AS o S ook

Kissinger = 92> i 3}-&0] Zth7} 9 uff, = (d[da/(dt]))/
(dt=0)Q1 A5 T,& 275t 1of wet 4] 3y MEPs}od
fregh meolr, o] Hdlof tfsf A= Blaine 5o 2J3f AAl
5] ArgElo] QlrH14]. wheba] A m o] APt skl T,5 2
L& Aot Aol a5ttt 1y A 243 $2E0]
255 29a At el =55 T, 4o] skt ok
50, 52 Feh] b2 gho] W= QL) Fig. 99} Fig. 10
2 A7t 4o A] g2 -0t 18% A 9S HS 2E
o] 2.5°C/min®} 25°C/mind wj e} 1o W& T, gho] 22t ¢
SQbol| A=Yt Hi= vl o] 0% -5 s=2E°l =
<ol whet 229k A =& T, 3ol S = 1AL, o] gt d4
& 18%21 49 BlL FEP| A A 25°C/mingl - 243 T,

Table 6. Kissinger E(Activation energy) values depending on o
(unit: Kcal/mole)

o Kissinger Method Activation Energy
0% 40.767
10% 39.148
18% 62.600

-95 T

In(BITA2)
4
J

115 [

25 Lo v v v
0.0014 0.00145 0.0015 0.00155 0.0016 0.00165

1T (K)
Fig. 7. 0% In(B/T?) vs. 1/T for DAEM method
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Fig. 8. DAEM Activation Energy changes depending on a
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Fig. 9. Maximum inflection T, for Kissinger method
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Fig. 10. Maximum inflection T, of 0% sample depending on the
heating rate. Two peak points were observed when the
temperature increased under 25°C/min
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Fig. 11. Maximum inflection T, of 18% sample depending on
the heating rate. The peak point was not clear when
the temperature increased under 25°C/min.
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s0) GA s Ui A7} F7bote] ROl A= 2 Aol B
HolA] eFekth. eyt Le A} ghFol 0%l A 10%= &
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