
 

CHAPTER 5 

CONCLUSION 

5.1 Chapter Overview 

This chapter summarizes the findings of this research by drawing the conclusion 

of overall results and recommendation for future works. The objectives on this 

research are reviewed and the achievement is drawn in this chapter. 

5.2 Conclusion 

This research was carried out with the main objective to develop a new 

intumescent fire retardant coating by using EG as the carbon source. The research has 

been approached by first investigating the effect of one, two and three ingredients on 

char expansion and char morphology. The research has been approached further by 

optimizing the particle size of EG based on char expansion and char morphology. 

Then the formulation with the optimized EG particle size was used to develop 

intumescent formulations using selected intumescent additives. The optimized 

intumescent formulation with higher char expansion, char morphology, minimum 

substrate temperature and high residual char weight percentage was obtained from 

IF5-BA-Mel. The optimized formulation was reinforced with three inorganic fillers 

(MWCNTs, kaolin clay, zirconium silicate) by using different weight percentage to 

study its chemical, physical, thermal and weathering properties. From the results, it 

can be seen that zirconium silicate has significant effect in intumescent coating. The 

following conclusions are drawn from the study: 
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1. The combination of two intumescent ingredients produces better results in 

term of char expansion performance and morphology compared to one 

intumescent ingredient with epoxy binder. Three formulations were optimized 

based on their best property namely IF2-5 for char expansion, IF2-3 for 

morphology and IF2-4 for residual weight. In case of char expansion IF2-5 

shows the char expansion of 13.3 times, which is good compared to IF2-1, 

IF2-2, IF2-3 IF2-4 and IF2-6. In the case of char morphology, IF2-3 shows the 

better char structure compared to other formulations in the study of char 

morphology of two intumescent ingredients coatings. The residual weight of 

IF2-4 is 24.9% which is the best result for two ingredients intumescent 

coating.  

2. Coating with three ingredients gave better results compared to two ingredients 

with epoxy and hardener in terms of char morphology and residual weight. 

The best char expansion of 12.43 times was obtained from IF3-4. IF3-3 shows 

better results of char morphology, char residue, and its char composition 

consists of graphite, borophosphate and boron oxide.  

3. Three conclusions are drawn on the effect of particle size of EG on char 

expansion and char morphology. Increasing the particle size of EG increases 

the char expansion. Increasing the weight percent of EG in the intumescent 

coating formulation also increases char expansion. A formulation with 8.8wt% 

of EG in the intumescent coating formulations resulted in maximum char 

expansion for IF4-4-150µm is 9.38, and for IF4-4-212µm is 11.0 times.  

However, with 8.8 wt% of EG, the formulation with EG particle size of 

300µm shows the best results in char expansion, 13.4 times from the original 

thickness of the coating. SEM images of char of the formulations 63, 150, 212 

and 300µm EG particles show char morphologies containing cavities and 

cracks in the char structure. While in some structures, smooth surface without 

any cracks is observed, instead in these structures thick char flakes which form 

strong barrier between fire and substrate are observed. The 300µm EG char 

with flaky char structure has with the highest char expansion which provides 

thermal stability to the coatings. It is assumed that excess amount of EG, 
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above 10.8 wt%, causes the char to expand abruptly (causing raptures) with 

uniform network structure by affecting the top surface of the char.   

4. Among the formulations with EG 300µm, the best optimized formulation is 

IF5-BA-Mel. This formulation has the minimum substrate temperature of 

367oC. The cellular char structure is good compact compared to others 

formulations studied for intumescent behaviour of individual ingredients. The 

XRD and FTIR show the composition of char residue, which contains 

graphite, borophosphate, sassolite and boron oxide which are effective for 

reducing heat penetration to the underlying substrate. The char residual weight 

of is 28.58% which is helpful to reduce the heat flow to the substrate. 

5. Reinforcement of 0.4wt% of MWCNTs in IF5-BA-Mel formulation increased 

char expansion which is 50 percent better compared to IF5-BA-Mel. The 

substrate temperature of IF3-MWCNTs after 60 min was 273oC which is 90oC 

less than IF5-BA-Mel formulation. FESEM result shows that the structure of 

residual char  is improved by increasing the wt% of MWCNTs, the char cracks 

are joined by MWCNTs. XRD and FTIR show the presence of boron oxide 

and borophosphate in the residual char. Thermal analysis shows  that 0.4wt% 

MWCNTs enhanced the residual weight by 3 percentage higher than that of 

IF5-BA-Mel coating. MWCNTs is an additive that will create uniform 

protective layers on the upper and inner surface of char to insulate the 

underlying materials.  

6. For kaolin clay reinforced formulations, char expansion increases with each 

increase in weight % of kaolin clay.  IF5-KC gave char expansion of 15.42 

times from its original coating thickness, which is 208 percent better than IF5-

BA-Mel formulation. The substrate temperature of IF5-KC after 60 min was 

257oC, which is 110oC temperature less than IF5-BA-Mel formulation. SEM 

results show that the structure of char residue is improved in terms of cracks 

and holes by increasing the wt% of Kaolin clay.  XRD and FTIR show the 

presence of boron oxide, borophosphate, sassolite and kaolinite compounds in 

the residual char which are helpful to lessen the effect of fire to the substrate. 

TGA shows that 5wt% of kaolin clay enhanced the residual weight by 49 

percent higher than that of IF5-BA-Mel formulation. DTA analysis shows that 
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the melting point of decomposed fire retardant additives increased by using 

5wt% of kaolin clay. IF5-KC gave higher carbon content in the residual char 

compared to IF4-KC using XPS analysis.  

7. For zirconium silicate reinforced formulations, expansion of the char was 

increased by increasing the weight % of zirconium silicate. IF5-ZS gave better 

char expansion 24.05 times with respect to the original coating thickness and 

is 390%, 226%, and 90% higher compared to IF5-BA-Mel, IF3-MWCNTs and 

IF5-KC formulations (with and without inorganic fillers), respectively. The 

substrate temperature of the IF5-ZS coating was 213oC after 60 minute fire 

test using bunsen burner and this is 154oC, 60o, 44oC less than IF5-BA-Mel, 

IF3-MWCNTs and IF5-KC formulations, respectively. FESEM results show 

the structure of residual char improves by zirconium silicate.  XRD and FTIR 

show the presence of boron oxide, borophosphate, and zirconium silicate in 

the residual char. Thermal analysis shows that zirconium silicate enhanced the 

residual weight 33% higher than that of IF5-BA-Mel formulation. XPS results 

also show the composition of the char content; IF5-ZS have the high carbon 

(66%) content and lowest oxygen (20%) content in the residual char 

investigated. These compositions are favorable to char accumulation and anti-

oxidation of char layer. The gaseous products of IF5-ZS are very much less 

compared to IF5-BA-Mel.  

8. Weathering test shows that the coating colour was changed from slightly black 

to yellowish due to ultraviolet rays but the char structure is retained after the 

weathering test. Thus, the heat transfer rate is reduced using MWCNTs, kaolin 

clay and zirconium silicate giving a better intumescent effect which improves 

fire retardant performance. The weathering test show that IF5-ZS has better 

results in char expansion and char morphology. Expansion of the IF5-ZS char 

was decreased 1.79 times after the weathering test. The char expansion of IF5-

ZS is 22.26 times with respect to the original coating thickness after the 

weathering test. SEM results show that the structure of residual char remains 

the same as the char structure before weathering test. Zirconium silicate forms 

a ceramic like protective barrier on the surface of the char to insulate the 
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substrate. Thus, the efficiency of heat transfer is reduced and intumescent 

effects are enhanced. 

Based on the overall results, it can be concluded that zirconium silicate enhance 

the performance of intumescent coating due to its tetragonal layered structure which 

can give cellular char structure ceramic like protective layer in order to protect the 

underlying substrate. IF5-ZS give the best performance of intumescent behaviour in 

overall tests including char expansion, char structure, residual weight, heat shielding, 

gaseous products and weathering test. 

From the overall results, it can be conclude that the objective of this research was 

achieved. This research is new in Malaysia which can be helpful to safety standards in 

Malaysia. Recommendation for future work was also proposed in this chapter. 

5.3 Recommendations 

It is recommended to carry out further analysis in the current work. These analysis 

are: 

1. The measurement of compactness of the char has significant effect on flow of 

heat to substrate. Rheometer is suggested to be used to measure the 

strength/compactness of the char. 

2. The synergistic effect of inorganic fillers on ICF can be further studied. 
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APPENDIX A 

FUNCTIONAL GROUPS OF REINFORCED ICF BEFORE AND AFTER 

WEATHERING TEST 
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