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PBZ have interesting thermo-
mechanical properties

Property Epoxy | Phenolics | Cyanate ester | PBZ
Tewre [°C] 25-180 150-190 180-250 160-220
Tmaz use [°C] 180 200 150-200 130-280
Cure schrinkage >3 0.002 ~3 ~(
T, [°C] 150-220 170 250-270 170-340
Tensile strength [MPa] | 90-120 24-45 70-130 100-125
Tensile modulus [GPa] | 3.1-3.8 3.0-5.0 3.1-3.4 3.8-4.5
Elongation [7%] 3.0-4.3 0.3 2.0-4.0 2.3-2.9
Tonset degradation [°C] | 260-340 | 300-360 400-420 380-400
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T-DDM iIs a mono-
component thermoset
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e Thermoset
* Ring-opening polymerization

(ROP)
> Activated by simple heating

» Autocatalytic process

~



Activation energy ~90kJ
Order of reaction ~2.3

do _
dt

k - (1 — a)n o Arrhenius

ln(ﬁ : 3—;) = In(A) — (%) +n-ln(l—a)+m-Iin(a)

* E_ in same range as peak temperature methods
 Overall order of reaction of 2.2 to 2.5

BPC/min] | A[s7'] | E,[K]/mol] | n | m
5 3.99 - 10 90.2 1.6 | 0.6
10 4.01 - 107 89.1 1.6 | 0.7
15 4.00 - 107 88.0 1.7 | 0.8




Blend preparation is quite

. oad

b~

straightforward

Tip N
sonication

Weighing and mixing of T-DDM and ZnO powder
Dissolving resin into chloroform

Sonication pulses (30 seconds)
Degassing under vacuum at 150°C in a furnace

Usonication [S]
ZnO [wt%] | 30 | 90 | 270 | 360 | 540
0.5 X | X | X
1.0 X
2.5 X
5.0 X | X | X X X
10.0 X
25.0 X
50.0 X
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Sonication time has little
iInfluence

Dispersion at 5.0wt% ZnO

90s sonication 270s sonication




There is a synergic effect
between ZnO and BZO

e Curing enthalpy does not follow a simple rule of mixture

iIring [J/g]

Enthalpy of reaction AH,
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There is a synergic effect
between ZnO and BZO

e Curing enthalpy does not follow a simple rule of mixture
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e Indicates that some chemical bonds might be formed
between the resin and the nanoparticles



: The nature of the bond Is
| unclear yet

Cured systems
— neat pPDA
— pPDA + 5wt% ZnO
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The charring is greatly
improved by ZnO

100wt% ZnO

90-
' 100Wt% ZnO
- 50wt% Zn0O
801 10wt% ZnO
] 5wt% ZnO
70-_

Owt% ZnO (neat T-DDM)

601

505 Sample T-DDM ZnO K
CY [%] | 436+14 99.0 + 0.1

401
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The effect correlates with
the change on Kinetics

100 Corrected CY @800°C
s - Neat T-DDM
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The effect correlates with
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ring [J/g]

the change on Kinetics

Corrected CY @800°C

------ Neat T-DDM
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Enthalpy of repction AH,

350 7
Mea i
30 3. % * = Rule of mixt
250 + Tr= - _ . Inte t
200 t
sop U=l
100°F \
50 1 T R
0 ’."-'0-—‘_“—- .........
_50 1 1 1 1 |
0.0 10,0 20,0 30,0 40,0 50,0

ZnO [wt%]



The matrix degradation is
also T°-delayed

100wt% ZnO

90
100wt% ZnO

. 50wt% ZnO
801 10wt% ZnO

] 5wt% Zn0O
70‘-

' Owt% ZnO (neat T-DDM)
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The matrix degradation is
also T°-delayed

100wt% ZnO

90
801
70]
601

50+

100wt% ZnO
50wt% Zn0O
10wt% Zn0O
5wt% ZnO

Owt% ZnO (neat T-DDM)

Sample T-DDM ZnO K
CY[%] | 436+14 | 99.0+0.1




The matrix degradation is
also T°-delayed

wt% ZnO



Conclusions & perspectives

Kinetics

* The activation energy for ROP of T-DDM is about 90kJ/mol
e The order of the ROP reaction is around 2.3 (between 2.2 and 2.5)

Effects of ZnO on thermal stability
e ZnO causes the formation of new chemical bonds in the system

* These bonds are likely responsible for the observed

» charring improvement

> fast increase of the degradation temperatures

Effect of ZnO on other benzoxazines?
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