
Using	zinc	oxide	nanoparticles	to	
improve	the	thermal	stability	of	a	new	
high-performance	benzoxazine	resin

J. Horion, C. van Tieghem de Ten Berghe, L. Bonnaud and C. Bailly

June 5th, 2018

Carl van Tieghem de Ten Berghe

Effect of ZnO nanoparticles on the thermal 
stability of a T-DDM benzoxazine resin 

Supervisor:
Christian Bailly

Readers:
Arnaud Delcorte

Jérémy Horion
Leila Bonnaud

1

Institut de la Matière Condensée et des Nanosciences (IMCN) 
Bio- and Soft MAtter (BSMA)

ICCC 2018 - Arcachon



4

Objectives of the master thesis:
1. Study of the T-DDM cure kinetics

2. Optimization of the T-DDM cure cycle

3. Study of the effect of ZnO nanoparticles on the thermal 
stability of T-DDM

Introduction



4

Objectives of the master thesis:
1. Study of the T-DDM cure kinetics

2. Optimization of the T-DDM cure cycle

3. Study of the effect of ZnO nanoparticles on the thermal 
stability of T-DDM

Introduction



4

Objectives of the master thesis:
1. Study of the T-DDM cure kinetics

2. Optimization of the T-DDM cure cycle

3. Study of the effect of ZnO nanoparticles on the thermal 
stability of T-DDM

Introduction

BenzOxAzine



4

Objectives of the master thesis:
1. Study of the T-DDM cure kinetics

2. Optimization of the T-DDM cure cycle

3. Study of the effect of ZnO nanoparticles on the thermal 
stability of T-DDM

Introduction ZnO
+

BenzOxAzine



4

Objectives of the master thesis:
1. Study of the T-DDM cure kinetics

2. Optimization of the T-DDM cure cycle

3. Study of the effect of ZnO nanoparticles on the thermal 
stability of T-DDM

Introduction ZnO
+

BenzOxAzine



4

Objectives of the master thesis:
1. Study of the T-DDM cure kinetics

2. Optimization of the T-DDM cure cycle

3. Study of the effect of ZnO nanoparticles on the thermal 
stability of T-DDM

Introduction ZnO
+

BenzOxAzine



35

Thermosetting resins

PBZ have interesting thermo-
mechanical properties



35

Thermosetting resins

•

PBZ have interesting thermo-
mechanical properties

•



35

Thermosetting resins

•

PBZ have interesting thermo-
mechanical properties

••



35

Thermosetting resins

•

PBZ have interesting thermo-
mechanical properties

•••



35

Thermosetting resins

•

PBZ have interesting thermo-
mechanical properties

••••••



35

Thermosetting resins

•

PBZ have interesting thermo-
mechanical properties

•••••••



7

T-DDM precursor
• Synthesized by Materia Nova
• Synthesis:

Materials

+

CH2O (Formaldehyde)

DDM 
4,4’-diaminodiphenylmethane

Tyrosol
4-(2-hydroxyethyl)phenol 

Benzoxazines are quite 
easy to synthesize

T-DDM benzoxazine
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T-DDM is a mono-
component thermoset

‣ Activated by simple heating

‣ Autocatalytic process

• Thermoset

• Ring-opening polymerization 

(ROP)



Activation energy ~90kJ 
Order of reaction ~2.3
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Comparison with multi-linear regression

• Ea in same range as peak temperature methods
• Overall order of reaction of 2.2 to 2.5

Curing kinetics

Arrhenius



Blend preparation is quite 
straightforward
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Blending of components 
1. Weighing and mixing of T-DDM and ZnO powder
2. Dissolving mixture in chloroform
3. Sonication pulses (30 seconds)
4. Degassing under vacuum at 150°C in a furnace 

Materials

resin into chloroform

Tip 
sonication

Load



Dispersions are good up to 
5wt% loading
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Dispersion with 90s sonication

Dispersion of ZnO nanoparticles

0.5wt% ZnO 5.0wt% ZnO



Sonication time has little 
influence
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Dispersion at 5.0wt% ZnO

Dispersion of ZnO nanoparticles

90s sonication 270s sonication



• Curing enthalpy does not follow a simple rule of mixture

There is a synergic effect 
between ZnO and BZO

Maximum around 15-20wt%



• Curing enthalpy does not follow a simple rule of mixture

• Indicates that some chemical bonds might be formed 
between the resin and the nanoparticles

There is a synergic effect 
between ZnO and BZO

Maximum around 15-20wt%



Cured systems

— neat pPDA

— pPDA + 5wt% ZnO

The nature of the bond is 
unclear yet



Cured systems

— neat pPDA

— pPDA + 5wt% ZnO

The nature of the bond is 
unclear yet

Polymerisation kinetics?
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Thermal stability blends

Thermal behavior of T-DDM/ZnO blends

100wt% ZnO

Neat T-DDM

The charring is greatly 
improved by ZnO



The effect correlates with 
the change on kinetics

Corrected CY @800°C
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The matrix degradation is 
also T°-delayed
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Temperatures at X% degradation
• Fast increase at low ZnO concentrations
• Td20 and Td30 over 800°C at 13.7 and 55.3wt% ZnO resp.

Thermal behavior of T-DDM/ZnO blends



Conclusions & perspectives
Kinetics 
• The activation energy for ROP of T-DDM is about 90kJ/mol


• The order of the ROP reaction is around 2.3 (between 2.2 and 2.5)


Effects of ZnO on thermal stability 
• 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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