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a b s t r a c t

Zirconium phosphate (ZrP) recently introduced in intumescent fire protective coating has

shown improvement in developing ceramic layer. The tubular halloysite clay (THC) due to

its unique molecular structure can be combined with ZrP to enhance fire resistance by

developing a strong silica network on the char surface. This study is aimed to investigate

the synergistic effects of tubular halloysite clay and zirconium phosphate fillers to improve

the thermal performance of the intumescent coating. The control coating formulation and

a range of coating formulations using a combination of weight percentage of THC and ZrP

were developed to study the influences of fillers on fire performance. The char expansion

and fire resistance tests of the coatings were conducted using furnace fire test and Lab

scale fire jet. Thermal stability of the coating was determined by TGA and char was

characterized by FESEM, XRD, FTIR and XPS. Water-resistance test of the coating was

performed according to ASTM D-870. Results showed that the reinforcement of THC-ZrP

showed promising improvement on the performance of IFC and substrate temperature

was far below the critical temperature, 550 �C. Sample HZ 5 showed the least backside steel

substrate temperature of 219 �C. Expansion rate of char was found reduced with the

addition of THC but improved the char compactness. The addition of THC and ZrP in IFC

improved 18% fire resistance performance and 5% residual wt. Of char. Char morphology

showed silica network, XRD and FTIR confirmed the presence of silicon. Water absorption

test showed 95% less water absorption (HZ-5) compared to control coating. Post water

immersion, fire test showed 7% increase in substrate temperature which is 18% less than

control coating after water immersion fire test.
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BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
y, faizahmadster@gmail.com (F. Ahmad).

y Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:faizahmad@utp.edu.my
mailto:faizahmadster@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2022.04.097&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2022.04.097
https://doi.org/10.1016/j.jmrt.2022.04.097
https://doi.org/10.1016/j.jmrt.2022.04.097
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 8 : 4 4 5 6e4 4 6 9 4457
1. Introduction

Steel being a high strengthmaterial, is an essential element of

construction industry, however, in the event of fire, it loses

50% of its load bearing capability when temperature exceed its

critical temperature of 500 �C, and buildingwill collapse in less

than an hour. In such circumstances, the safety of individuals

and assets against fire is undoubtedly a challenge. The passive

fire protective systems are in practice [1,2] for fire protection of

buildings, but the performance of these systems against fire

has been a great challenge. This system is a mixture of fire-

resistant components that increases the resistance to flam-

mability. In 90's, halogenated compounds in a combination of

epoxy were popular flame retardants. However, these fire

protectives release harmful compounds to the environment

during degradation [5,6]. Recent regulations have been intro-

duced to restrict the application of toxic compounds. In the

buildings, the new flame retardants are introduced to substi-

tute their halogenated counterparts [7,8].

Intumescent fire protective coatings consist of a resin

binder blended with fire protective intumescent system.

Typically, three active ingredients are used in the intumescent

system: an acid source, a carbon source, and a blowing agent.

The homogenous mixture of these ingredients expands

coherently on exposure to the heat source and form a cellular

insulative foam to resist the fire penetration to substrate. One

of themajor advantage of intumescent fire protective coatings

is the ease in their application over a wide range of substrates

[1e4] without affecting their bulk properties [5,6]. In addition

to reducing the inflammability of the substrate, these coatings

decrease the heat transfer from the fire to the substrate and

able to maintain the substrate temperature below the critical

temperature (e.g., 550 �C for steels) for few hrs. even the flame

temperature reaches to 1000 �C [1]. It was reported in the

literature that steel structures might collapse within less than

45 min when its temperature rises above 550 �C [7]. The

traditional intumescent coating system typically comprises of

ammonium polyphosphate (APP) as a source of acid, pen-

taerythritol as a source of carbon and melamine (MEL) as a

blowing material. Expandable graphite (EG) has been used to

increase the anti-oxidant properties as a synergistic compo-

nent [8,9].

The exceptional chemical properties, thermal stability and

highly catalytic qualities of mineral fillers exhibit promising

flame retardant properties for polymers [10]. Lu et al. [11]

conducted an experiment to investigate the influence of

polystyrene and poly(ethylene-co-vinyl acetate) with organi-

cally modified zirconium phosphate (OZrP) by melt blending.

They confirmed the addition of OZrP increased thermal sta-

bility at high temperature and slightly reduce the peak heat

release rate through cone calorimetry analysis. Through TGA,

they found out the char left was increasingwith theweightage

of OZrP where the 5% of OZrP has the highest char left with

2.5%. Weiyi Xing et al. [12] evaluated the effect of ZrP on the

thermal degradation and flame retardation of the coating.

Microscale combustion calorimeter (MCC) tests showed a
substantial decrease in heat release intensity and overall

combustion heat of coatings reinforced with ZrP and a

noticeable increase in the char yield. The addition of 0.5 mass

% ZrP, resulted in maximum fire protective performance. XPS

study revealed that the incorporation of ZrP increased the

anti-oxidation efficiency of the coating. Yong Luo et al. [13]

investigated the flame retardancy of PVA aerogels which was

strengthened by APP and a-ZrP. The inclusion of a-ZrP

enhanced the 3D network configuration of the PVA aerogel.

Thermogravimetric Analysis (TGA) showed that a-ZrP favored

the PVA-APP system's thermal stability. Residues analysis

indicated that a-ZrP facilitated the creation of a compact

graphite structure and catalyzed the PVA charring during

combustion. In recent years, filler-based polymer composites

revolutionize the flame-retardant sector, offering significant

benefits over traditional coatings. The study was focused to

use silicate for manufacturing coating materials with

enhanced flame retardant properties [14,15]. However, using

silicate compounds alone was not improving the fire resis-

tance compared to the use of filler based polymer composites

in colligationwith conventional flame retardants [16]. Tubular

Halloysite clay (Al2Si2O5 (OH)4.2H2O), a potential filler was re-

ported to strengthen the fire resistance performance [17,18].

High aspect ratio and mechanical strength make THC's su-

perior to CNT's [19]. Latest studies reported that THC's have a

positive effect on epoxy-based intumescent fire protective

coating [20]. On the other hand, zirconium phosphate was

reported as a filler to enhance the flame retardancy due to its

excellent chemical properties and thermal stability [21].

Therefore, synergistic effects of both THC and ZrP reinforced

fillers are promising to evaluate as no study was conducted

yet.

In this research work formulations using THC and ZrP

reinforced epoxy based intumescent coating were developed

and investigated to analyze the combined effects of rein-

forcement on the performance of the coating system. The

coatingswere evaluated for their fire resistance using lab scale

fire jet test, char expansion, char morphology, thermal

degradation analysis, XRD, FTIR, XPS, water absorption

behavior of coatings and post water immersion, fire resistance

performance.
2. Materials and methods

2.1. Coating materials

Zirconium phosphate powder was purchased from Sichuan

Hongchang Plastics Indus. Co. Ltd. China. Expandable

graphite, boric acid, ammonium polyphosphate, melamine

and tubular halloysite clay were purchased from Sigma

Aldrich (M) Sdn Bhd. Malaysia. BE-188 (BPA) resin and H-2310

polyamide amine were used as a binder and brought fromMc-

Growth Chemical Sdn Bhd.Malaysia. TSA Industries, Ipoh Sdn

Bhd, Malaysia supplied structural steel A36. The thickness of

steel plates was 1.50 mm ± 0.05. SEM test was conducted to
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analyze the orientation of tubular halloysite clay and zirco-

nium phosphate used in this study and presented in Fig. 1.

2.2. Coating preparation

Control formulation without any filler were developed. To

determine the ratio of THC or ZrP, formulation containing

0.1wt% of THC and 0.1wt% of ZrP was done to examine the

char structure. Physical examination of char showed that char

of ZrP reinforced coating exhibit cracks and uneven surface.

The char of THC reinforced coating was uniform, and cracks

were reduced, as shown in Fig. 2. These results motivated to

investigate the synergistic effects of THC and ZrP to improve

the overall quality of the coating formulations studied and

influence of resulting char on improvement of fire resistance.

To prepare the coatings, ammonium polyphosphate (APP),

boric acid (BA), melamine (MEL) and tubular halloysite clay

(THC) and zirconium phosphate was accurately weighed

(Table 1) usingweighing balance andwere homogenized using

blender mixer for 90s without expandable graphite. To ensure

homogeneous mixture of fire-resistant ingredients, EG was

dispersed in the mixture manually to avoid mechanical

damage to its particles. Mixture was then stirred with a stir-

ring rod for 5 min and the mixture was considered ready for

dispersion in epoxy and hardener to develop coatings. The

mass percentage of reinforcement, THC and ZrP was main-

tained to one and ratio of THC-ZrP was changed to study their

influence on thermal degradation and fire-resistant perfor-

mance. This mass percentage was substituted for binder

percentage to maintain epoxy to hardener ration 2:1. The in-

gredients of control formulations, HZ-0 was selected based on

our earlier study [22] and was used to assess the comparison

in improvement in performance of THC and ZrP reinforced

coating formulations. The ingredient mixture was slowly

addedwith epoxy (BE-188) under continuous stirring at 40 rpm

for 15 min using an automatic shear mixer CAFRAMO (BDC

6015-220). To finalize the coating, the hardener (H-2310) was

added and stirred for another 10min at 60 rpm. After ensuring

a homogeneousmixing of coating, it was ready for application

on substrate.
Fig. 1 e SEM micrograph of (a) THC
Steel substrate with dimension 10 � 10 cm2 was sand-

blasted. Coatingwas then applied on steel plateswith the help

of a brush to ensure uniformly thickness on the substrate

leaving no corner uncoated. An average thickness of the

coating 1.0e1.50 mmwas maintained. The samples were kept

at the ambient temperature for 1 day for curing, and envi-

ronment humidity was about 80%.
3. Characterization of intumescent coating
and char

3.1. Furnace fire test

The thickness of the dried or cured coatings was measured

using a digital Vernier caliper. The coated steel substrates

were then burnt at 500 �C in a carbolite furnace (model no.

RWF 11/13 having a temperature range of 30e1300 �C) to

examine the influence of reinforcement of char expansion,

physical appearance, and its adhesion with the substrate. The

heating rate was set at 20 �C/min and temperature reached to

500 �C in 25 min. This temperature was maintained for 1 h to

ensure complete degradation of coating ingredients and

complete expansion [23]. The samples were cooled in the

furnace to 25 �C to avoid thermal cracking of the chars due to

temperature variation with the external environment. The

char expansion for each formulation was measured using a

digital Vernier caliper, and an average of 4 measurements is

reported.

3.2. Laboratory scale jet fire test

To measure the heat incursion on the steel plate during the

fire test, lab scale jet fire test using Bunsen burner was con-

ducted according to ASTM E-119. A portable premium butane

gas having gas flow rate of 105 g/h was used to test the heat

penetration on coated steel samples. During this test, 7 cm

distance was maintained between the coated steel substrates

and the burner. The substrate backside temperature was

recorded using Three K-type tthermocouples' attached at the
and (b) ZrP used in this study.

https://doi.org/10.1016/j.jmrt.2022.04.097
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Fig. 2 e Physical appearance of coating char of THC 0.1wt%

and ZrP 0.1wt%.

Fig. 3 e Schematic diagram of the laboratory scale jet fire

test.
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backside of the coated substrates with the help of X'traseal
650�F Red RTV Silicon glue (Fig. 3). The change in substrate

temperature was recorded using a data logger interfaced with

PC for 1 h at 30 s interval.

3.3. Thermogravimetric analysis (TGA)

TGA was used to determine the influence of reinforced THC

and ZrP on degradation of coating samples and to evaluate the

changes in residual mass of the char. 10 mg of coating sample

was heated in a crucible at 10 �C/min under nitrogen in the 25-

800 �C temperature range using Q50 Perkin Elmer thermal

analyzer.

3.4. X-ray diffraction analysis (XRD)

XRD was performed to examine the phases of compounds in

the residue char samples after the furnace test. 2e3g of char

sample was used in this testing for analysis of char. A

Diffractometer Bruker AXS D8 Advance using Cu and Ka ra-

diation with a nickel filter (l ¼ 0.150595 mm) in range

(10 < 2W < 90).

3.5. Fourier transform infrared spectroscopy (FTIR)
analysis

Approximately 2 gmof char samplewas used to determine the

presence of degradation compounds in the char. A

EQUINOX55 FTIR spectrometer was used to record the FTIR

spectra in the 4000 cm�1 to 400 cm�1 range using KBr pellet

technology.

3.6. Field emission scanning electron microscopy
(FESEM)

Char morphology was analyzed using FESEM model SUPRA

55VP. Magnification was varied from 50X to 2000X. A fully
Table 1 e Mass percentage of intumescent ingredients used to

Sample APP MEL BA EG

HZ-0 11.36 5.5 11 5.5

HZ-1 11.36 5.5 11 5.5

HZ-2 11.36 5.5 11 5.5

HZ-3 11.36 5.5 11 5.5

HZ-4 11.36 5.5 11 5.5

HZ-5 11.36 5.5 11 5.5
developed char of each sample was used to examine the

morphology of the char after the furnace test.

3.7. X-ray photoelectron spectroscopy analysis (XPS)

The elemental composition of the char sample of the coating

and presence of possible compounds in the char were inves-

tigated by XPS analysis using an XPS model LEYBOLD spec-

trometer. The Al Ka radiation was used and run in a fixed

analyzer transmission mode at the pass energy of 50 eV. Char

samplesweremountedbypressingonto the indiumholderand

introduced in a pre-chamber to obtain a pressure of 10�5 Torr.

3.8. Water resistance test

Water-resistance test was performed according to ASTM

D870. An ultra-sonic cleaner filled with distilled water was

used to clean the surface of coating samples [24] and dried

with hot air to ensure clean surface before measuring their

weight. After immersion of test samples in distilled water, the

weight of samples was recorded after every 24 h for 14 days.

The results presented are the average of threemeasurements.

The mass change rate (R%) was calculated using the following

Eq. (1) [25].

R ð%Þ ¼
�
m2�m1

m1

�
� 100 (1)

where m1 and m2 correspond to the masses of the coated

samples before and after the test, respectively.
4. Results and discussions

4.1. Physical appearance of char and intumescent factor

The pictures of coated samples before and after the furnace

fire test are shown in Fig. 4. The coated samples showed
develop coating formulations.

THC ZrP Epoxy Resin Hardener

e e 44.44 22.22

0.1 0.9 43.94 21.72

0.2 0.8 43.94 21.72

0.3 0.7 43.94 21.72

0.4 0.6 43.94 21.72

0.5 0.5 43.94 21.72

https://doi.org/10.1016/j.jmrt.2022.04.097
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Fig. 4 e Coated steel samples before furnace test (a) HZ0 (c)

HZ1 (e) HZ5 and char samples after furnace test (b) HZ0 (d)

HZ1 (f) HZ5.

Fig. 5 e Intumescent factor of THC-Zirconium Phosphate

reinforced IFRC samples.
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changes in color of the coating from dark green to brownish

with decrease in ratio of ZrP in the formulation. After the

coated samples underwent furnace test, the improvement in

the char’ structure was observed with inclusion of both fillers.

The char of coating reinforcedwith fillers appeared to bemore

homogenous, compact, and white oxidative layer on the sur-

face, as shown in Fig. 4d, f. The char expansion of coating

formulations was evaluated by calculating intumescent fac-

tor. The char expansion result showed that the fillers

improved physical structure of the char as compared to the

reference sample (HZ0). It was noted that char of HZ1 was

partially detached from the substrate, whereas HZ2 was

completely detached. Cracks and tiny uniform holes were

observed in the char of HZ3, but the tinny holed structure was

also noted for HZ4. HZ5 exhibited a uniform char without

crack or micro-sized holes throughout the char. The intu-

mescent factor (IF) for char of each formulation was calcu-

lated using formula 2 [26] and presented in Fig. 5.

IF ¼ ðd2 � doÞ
ðd1 � doÞ (2)

where do is the thickness of the substrate, d1 is the thickness

of coating including the substrate and d2 is final expansion of

char, after the furnace test, respectively.

Fig. 5 depicts the reduction in char expansion in terms of

intumescent factor. It was observed that the addition of fillers
in coating formulations, decreased char expansion. The

values for IF for formulations HZ0, HZ1, HZ2, HZ3, HZ4 and

HZ5 were 10.43, 10.80, 7.83, 9.39, 7.60 and 8.28, respectively.

The maximum reduction in char expansion recoded was

27.13% for HZ-4 compared to control formulation, while

maximum char expansion was observed in HZ1 which has 0.1

mass percent THC and 0.9 mass percent ZrP. THC has hollow

tubular structure and thermally stable a high temperature due

to their atomic arrangement. There is possibility that THC

may trap non-combustible gases in the hollow tubular struc-

ture which not only help in crosslinking but also increase

compactness of char [25]. As the THC percentage was in-

crease, evolved gases may be trapped within THC, resulting

more compact char thus reducing expansion. Less percentage

of THCmay have lower resistance to escape the gases causing

expansion of char due to presence of ZrP. ZrP hold catalytic

charring and dehydration agent in the coating [27], while THC

helped to develop the cross-linking network and constrict the

expansion of char. 0.1% THCwith 0.9%ZrP (HZ 1) increased the

char expansion approximately 1.2% compared toHZ0 showing

that ZrP is contributing in char forming. It was noted that with

the percentage of ZrP in the formulation, the char expansion is

decreasing. An increase in percentage of THC in HZ1-HZ5

formulations enhanced char compactness, developing a

strong crosslinking and dehydration during the degradation of

coating. The presence of THC in coating formulation, in

addition of cross-linking, helps to develop ceramic like layer

on the char surface reducing the escape of gases and resulting

a relatively compact char.

4.2. Analysis of fire resistance of THC-ZrP reinforced
intumescent coating

Fire resistance performance of the coated samples was eval-

uated through a laboratory scale jet fire test according to

ASTME-119 standardized procedure. The temperature profiles

of all coating samples studied displayed a similar drift. During

the first 5 min of test, the significant rise in substrate tem-

perature suggests that the early degradation of the coating

ingredients led to develop amulti-porous intumescent layer of

the char and substrate temperature was less than 200 �C.

https://doi.org/10.1016/j.jmrt.2022.04.097
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Transient temperature behavior patternwas similar for all the

coating samples. From Fig. 6, the reference sample (HZ-0) has

a backside temperature of 270 �C after 60 min exposure to fire,

which is the highest among all samples studied. Usually, the

temperature of the unprotected steel substrate increases in

first 10 min and reaches to 500 �C. However similar tendency

was also noticed among samples reinforced with fillers but

after 30 min, the temperature of the samples other than HZ

0 started decreasing as the fillers started degrading and swell.

Reference sample (HZ-0) rises in temperature after 30min due

to scatter of fragile char under pressure of direct fire. The

temperature reduction of 18% was recorded for HZ-5 (0.5% of

THC and 0.5% of ZrP), which is the best result among the

studied formulations. This result due to good dispersion of

THC in the coating and balancedmass percentage of THC/ZrP.

The substrate backside temperatures of HZ-1, HZ-2 HZ-3 and

HZ-4 were 229 �C, 227.9 �C, 225.2 �C and 224.2 �C respectively.

Ullah et al. [28] stated that after 60 min fire test, 257 �C tem-

perature of the substrate was recorded for intumescent

coating reinforced with 5% kaolin clay. This study showed

that reinforcement of both THC and ZrP improved the fire-

resistant characteristics of the epoxy-based coating system

and showed that there are some synergies between ZrP and

THCs in terms of dispersion of THC and influence of ZrP on

degradation of coating, as noted during TGA tests.

Although the minor changes in the temperature were

recorded for coated substrates during thermal resistance test.

The minor changes may be considered due to the experi-

mental error. The test conducted in a chamber has influence

of air cooling on the substrate. Nevertheless, the substrate

temperature for coating decreases as the ratio of THCs and ZrP

content approaches to 0.5:0.5. It was considered that the

percentage of THCs can help to crosslink the carbon atoms

and forms high-density bridge linkages among the char.

Concurrently, ZrP-degrades to non-combustible gasses that

can decrease the stability of the charring mechanism and

fracture the extended carbon layer. Consequently, the shield

created by the carbon layer is reduced, therefore decreasing

the flame resistance of the coating.

The degradation of epoxy and intumescent ingredients

helps to develop crosslinking by THC with the carbon atoms
Fig. 6 e Temperature versus time of THC-ZrP reinforced

IFRC samples during laboratory scale jet fire tests.
and increase the char compactness. While non-combustible

gases such as (phosphorus oxide) produced by pyrolysis of

ZrP tends to fracture the carbon network thus producing a soft

char that made minor increase in substrate temperature [12].

This was recorded for formulations containing higher per-

centage of ZrP.

Based on the findings, a possiblemechanism is proposed to

describe the synergistic activity between THCs, ZrP, ammo-

nium polyphosphate (APP), melamine (MEL), Boric acid (BA),

expandable graphite (EG) and epoxy. The early stage in the

burning process is the thermal deterioration of APP to the

development of polyphosphoric acid (PPA) with the removal of

water and ammonia, and the self-crossing linking reaction of

minimal PPA [29,30]. Then, phosphate ester bonding degrades

into epoxy chains through the dehydration reaction occurred

[31]. The intumescent char started to form during the second

stage degradation process which started at 220 �C [32]. Be-

sides, ZrP may be integrated as a synergistic agent in the

forming of carbonaceous char through organic catalyst re-

actions. ZrP is assumed to be a multilayer acid catalyst that

has either Brønsted (Hþ) and Lewis (Zr4þ) acidic positions on

its surface [33]. During its pyrolysis step, the epoxy chain ap-

pears to be catalytically burnt, while boric acid and melamine

materials are degraded later. THCs and Zr4þ additionally

speed up crosslinking cyclization, condensation, dehydroge-

nation and aromatic reactions, which supports the formula-

tion of an extensive residue of carbon [12,34]. Since the steel

substrate used is sand blastedwith surface roughness value of

Ra 2e2.5. After sand blasting, the surface of steel substrate

was un-even and char creates an-interlocking with the sub-

strate surface thus enhancing adhesion of char with substrate

[32].

The increase in substrate temperature of HZ1 was

considered due to presence of higher percentage of ZrP which

is charring catalyst and produced soft char. The soft char was

not able to protect the heat penetration to the substrate. The

influence of THC (0.1) was negligible in terms of fire protection

[25]. The increase in THC percentage reduced the substrate

temperature making char more compact.
Fig. 7 e FTIR spectra of THC-ZrP reinforced intumescent

coatings after furnace tests.

https://doi.org/10.1016/j.jmrt.2022.04.097
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Fig. 8 e XRD spectrum of HZ 0, HZ 3, HZ 4, and HZ 5.
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4.3. FTIR analysis of char

The analysis of the char offers insight into the efficiency of

fire-resistancematerials available in the char produced due to

the degradation of coating ingredients on exposure to fire.

Fig. 7 shows the FTIR spectra of char samples of coating for-

mulations of HZ-0, HZ-1, HZ-2, HZ-3, HZ-4, and HZ-5 after

furnace test. FTIR spectrum demonstrating that the rein-

forcement of ZrP and THC has slight impact on the improve-

ment of thermal degradation performances of the coating

formulation compared to Control formulation, HZ-0. Two

stretching peaks were found in the 1632 cm�1- 1422 cm�1 re-

gion which represent the C]C and C ¼ 0 bonding because of

the amorphous carbonwhich comes from amine and graphite

functional group respectively (APP and MEL) [31,35]. Recorded

peaks in the range 1300 cm�1 e 1000 cm�1 belong to silicon

species [35]. Apart from the reference sample HZ-0, other

samples showed peaks ascribed to the bonding stretching of

silicon-based species and confirm the presence of silicon in
Fig. 9 e Evolution of the sample mass versus the
the char samples, indicating the presence of THC in the

coating. Two sharp peaks were found (610 and 570 cm�1) that

ensures the presence of B-O-P bonding hence the existence of

boron phosphate [36,37]. Peaks at 936 cm�1 belong to the P-O-P

bonding [38]. The presence of hydroxyl group (0-H) was found

in the region 3224 cm�1-3239 cm�1 arising from the decom-

position of epoxy resin [39].

The results of FTIR demonstrated that the presence of

functional groups observed in the char led to better resistance

to fire at test temperature, 550 �C. The presence of these

compounds in the char was due to the reinforcement of THC,

and ZrP that has increased the thermal efficiency of the

intumescent coatings.

4.4. Analysis of char composition

To evaluate the presence of compounds of degraded coating

ingredient, X-ray diffraction analysis was carried out. XRD

diffraction pattern of samples HZ0, HZ3, HZ4 and HZ5 are

shown in Fig. 8. Spectrum behavior appeared was almost

symmetrical in THC-ZrP reinforced coatings char in terms of

peaks. Sassolite (H3B1O3), ICDD reference no. 98-002-4711 was

found in its anorthic crystal form at 24.6� (d spacing 3.18).

Boron-phosphate (BPO4), ICDD reference no 01-07 2-9924, was

confirmed with a peak at 26.5� (d spacing 3.64). Inorganic,

tetragonal boron-phosphate was identified with peaks at

28.81�, 39.54� and 46.18�. Diffraction peak at 28.05� (d spacing

3.17) was assigned to silicate mineral, ‘mullite’ [40]. Peaks

recorded at 43.45� (d spacing 2.08) and 26.60� (d spacing 3.34)

was assigned to carbon, ICDD reference no. 00-026-1079 [41].

ZrP was identified with typical diffraction peaks at 11.6� and

19.8� in plate-like structures [42]. Orthorhombic crystal

ammonium molybdenum oxide [(NH4)2MO4O13], ICDD refer-

ence no. 00-050-0608 exhibit two peaks at 11.45� (d spacing

7.49) and 15.02� (d spacing 5.89).

Boric acid is converted successively into meta boric acid

and then into boron oxide during decomposition. The XRD

findings revealed that the reactions within fillers strength-

ened coatings antioxidant efficiency by the reinforcement of
temperature of the 5 investigated samples.
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Fig. 10 e DTG curve of HZ0, HZ1, HZ2, HZ3, HZ4, HZ5.

Fig. 12 e EDX of THC and ZrP reinforced intumescent

coating.
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ZrP in the defensive layer of the carbonaceous char and THC

helped to develop a network within char to strengthen it.

4.5. Thermal stability analysis

The thermal stability of the coated samples was analyzed by

the thermogravimetric analysis and the changes in residual

mass were recorded versus the temperature. Fig. 9 shows the

evolution of the mass of coating samples between room

temperature to 800 �C. It provided a good estimate of the re-

sidual weight at 800 �C. The final residue mass recorded for
Fig. 11 e FESEM images of (a) sample HZ
HZ0, HZ1, HZ2, HZ3, HZ4 andHZ5was 36%, 36%, 37%, 36%, 36%

and 38% respectively. As the maximum char residue was

recorded for HZ5. As the percentage of THC used is very small

and contribution in terms of residual mass is minimum. For

the formulation containing 0.5:0.5 THC and ZrP, approxi-

mately 5.5% increase in residual mass was recorded.

However, the addition of fillers was found insignificant in

influencing over the final char residue. This is due to the high

melting point of silicon and zirconium present in the THC and

ZrP compound. It has four stages of degradation named as

melting, intumescence, char formation and degradation [43].

Approximately 9e10%mass loss was noticed in between 0 and

220 �C. Boric acid is converted into boron oxide at 147 �C [44]

and the dehydration of THC. The major mass loss was

observed from 220�C to 460 �C, which accounts for around

45e50%. It consists in the decomposition of other intumescent

coating ingredients such as APP, melamine, epoxy and hard-

ener and the evaporation of the physical/chemical absorbed

water. The decomposition of epoxy used in this system occurs

in the 220e330 �C temperature range [45] whereas, the

condensation of the phosphate groups forming zirconium

pyrophosphate as an end product takes place between 450 and

600 �C [46]. Major degradation of the control formulation, HZ0

started at 280 �Ce420 �C. On the other hand, HZ5 showed

improved degradation temperature from 280 �C to 700 �C. This
0 (b) sample HZ 5 after the fire test.
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Fig. 13 e XPSSpectra andspectrumofCarbon (C1s), Oxygen (O1s), Phosphorus (P2p),Nitrogen (N1s) forHZ0,HZ1,HZ4, andHZ5.
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was attributed to the appropriate combination of the mass

percentage of THC-ZrP.

DTG curve of sample HZ0, HZ1, HZ2, HZ3, HZ4 and HZ5

presented in Fig. 10. All the samples have undergone their first

stage of thermal degradation started from 120 �C to 220 �C.
Polyamide hardener degrade at 124 �C [22], dehydration pro-

cess of boric acid took place at 129 �C and meta boric acid was

produced and finally meta boric acid converted into boron

oxide [47]. However, HZ-5 has shown improved degradation

temperature in comparison to the other samples. The second

stage of degradation started from 290 �C to 350 �C. Melamine

started degrading at 290 �C and APP by 350 �C resulted

releasing of N2 and NH3 [22]. The third stage degradation was

noticed at 460 �C due to the decomposition of epoxy resin and

other intumescent coating ingredients. At this point only
crystalline boron phosphate is remained in the system and

their degradation occurred at approximate 480 �C.

4.6. FESEM analysis of char

The char expansion was examined using the furnace fire test

and its morphology was studied using FESEM. Fig. 11 (a, b)

shows the evidence of cracks on the char surface during

coating degradation is shown in Fig. 11 (a) for the reference

sample without any filler. The presence of voids and dumps in

the char layers offered poor fire performance [48]. The better

and clearer surface was obtained with sample HZ-5 in Fig. 11

(c). Pristine ZrP displays a plate-like structure consisting of

numerous plate-like agglomerates. In comparison with pris-

tine ZrP, even though the round edge of the sheets indicates

https://doi.org/10.1016/j.jmrt.2022.04.097
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Table 2 e Elemental composition of THC-ZrP reinforced
coating system.

Elements Composition (at. %)

HZ 0 HZ 1 HZ 2 HZ 3 HZ 4 HZ 5

N1s 4.21 6.81 2.72 4.65 4.57 0.97

O1s 52.41 45.05 55.55 55.32 45.54 54.41

C1s 39.16 42.64 35.65 36.25 43.45 42.06

P2p 4.22 5.5 6.13 3.77 6.43 2.55
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that it is not very crystalline. Moreover, ZrP and THC di-

mensions range from several microns to sub-micrometer

which possibly can help to strengthen the char.

The compact worm-like microstructure was observed in

Fig. 11 (c) of HZ5, which is known to provide a better fire

shielding at higher temperature [49]. Due to the emission of

the gaseous compound during the thermal degradation, bub-

bles are formed, resulting in micro sized holes and cracks

(Fig. 11 (c)). Bubbles formed due to dehydration of epoxy resin,

boric acid, and NH3 gases from the decomposition of mel-

amine, APP and EG [50]. The presence of aluminum and zir-

coniumwas confirmed from the EDX analysis (Fig. 12). Despite

having voids and cracks in the char, the development of the

silicate network is visible and is supportive of forming the

individual self-protective over on the char on the exposure to

fire [25].

4.7. XPS analysis of THC and zirconium phosphate
reinforced intumescent coating

To analyze the elemental composition of the char residue, XPS

analysis was conducted. The results had been plotted in XPS

spectra as shown in Fig. 13. XPS results are summarized in

Table 2. Fig. 14 represents the XPS intensity spectrum of O1s,

C1s, N1s and P2p. It can be observed that C1s peak is higher for

HZ4 and lower for controlled sample. HZ5 is showing the

highest peak of O1s. N1s and P2p peak is found higher for HZ4.

HZ1, HZ4 and HZ5 showed an improved carbon content as

8.16%, 9.87% and 6.89%, respectively as compared to the

reference formulation HZ0. Similarly, reduced oxygen content

in the residue char was obtained for HZ1 and HZ4 as 14.04%
Fig. 14 e Weight change of samples after 14 days of

immersion in water.
and 13.10%, respectively while 3.67% O2 content increased in

HZ5. However, phosphorus and nitrogen percentage were

improved for HZ4 by 34.3% and 7.8% but found in a lesser

extent in HZ5 formulation. This is due to proportion of weight

percentage used in this study.

The binding energies of 284 eV and 284.6 eV are ascribed to

C ¼ C and C-C graphite-type bonds, respectively, while the

285.2 eV band is assigned to C-N bonding [51]. Due to the in-

clusion of ZrP in the epoxy-APP-Mel-boric acid char, the peak

region of 284 eV is considerably greater than the linked to peak

for APP. This result revealed a mechanism that a-ZrP's
Brønsted acid spots (Hþ) for crosslinking, dehydrogenation

and dehydration during fire test [34]. The O1s band showed

two peaks at roughly 531.7 eV (C-O and P-O respective) and

532.9 eV (PO-P, C-O, and C-O-P respective), signifying the for-

mation of phosphorus crosslinking [52]. The binding energy of

134.2 eV for the P2p spectrum may be correlated with the PO3

or P-O-C structures developed by phosphorus-rich crosslink

[31]. The residue of APP/ZrP indicates the existence of mo-

lecular Zr, while the normal Zr 3d doublet (186.2 eV and

183.7 eV) corresponds to the standard Zr (IV) unit [53]. This

shows that implementing a-ZrP in the epoxy coating out-

comes in high catalytic consequences, that also improves the

carbonation and slow downed the heat penetration into the

substrate. The spectrum of N 1s is divided into two peaks

spectrum, the C-N bond is at 400.6 eV, and the N-H bond is at

402 eV as stated in Fig. 13.

4.8. Analysis of water resistance of THC-zirconium
phosphate reinforced intumescent coating

Water absorption by the coated samples was measured using

the water immersion test according to ASTM D870 standard.

The weight of each sample was recorded before and after the

water immersion test (Fig. 14). The highest weight change

noticed in samples was 0.40%. The steel sample did not gain

any weight during the test period, which indicated its corro-

sion tendency while exposing in water for 14 days. The lowest

weight change rate was found for the sample HZ-5 with a

value close to 0.02%. Except for the specimen HZ5, all samples
Fig. 15 e Time versus temperature curve for THC-

Zirconium Phosphate reinforced intumescent coatings

after water immersion test.
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Fig. 16 e Physical Structure of Char After Water immersion test (a) HZ 0 (b) HZ 1 (c) HZ 5.
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underwent weight loss after 96 h of immersion in water. Ab-

sorption took place in HZ5 until day 9. Water absorption

properties seemed better as the amount of THC is increasing

other than HZ4, which probably was due to the inappropriate

dispersion of the fillers.

In the initial stage, when coatings are immersed in water,

the weight without equilibrium continues to increase [54].

Throughout the first 24 h, all the coating samples obtain an

extreme weight increase. The second method that contains

water immersion coating is the solvation cycle, which is

where hydrophilic fire protectives fillers exceed the water and

ions permeation method and reduce the overall weight of the

coating [55]. For all formulations, weight loss occurred after

the 96 h. From literature, this weight loss was the product of

the diffusion from the coating and settled in the water with

certain hydrophilic flame retardants additives [56,57].

Through the multilayer structure and hydrophobic charac-

teristics of THCs in which water is insoluble, water resistance

can thus be concluded with increasing content of ZrP, and

THCs fillers improved. This is essential to limit the water ab-

sorption of the material surface.

4.9. Thermal insulation performance of coating after
water immersion test

Aiming to analyze the thermal insulation property of water

immersed samples of THC-ZrP reinforced intumescent
Fig. 17 e Comparison of Char Expansion Before and After

water immersion Test.
coating system, fire test, according to ASTM E119 was per-

formed. Temperature with respect to time curve is shown in

Fig. 15. The reference sample (HZ-0) have shown the highest

backside temperature of 287 �C while approximately 17.8%

reduction in temperature was noticed for HZ5 (0.5% of THC

and 0.5% of Zirconium Phosphate) which was the lowest

among all the formulations tested. The backside substrate

temperature for HZ1, HZ2, HZ3, HZ4 and HZ5 was attained

240 �C, 238.6 �C, 239 �C, 236 �C and 235.8 �C respectively. The

fire protective performance seemed to have shrunk after the

water immersion test. Approximate 5% higher backside sub-

strate temperature was recorded for control formulation, HZ-

0, compare to the thermal performance results obtained

before the water immersion test. Similarly, the backside

substrate temperature for HZ1, HZ2, HZ3, HZ4, and HZ5 was

increased around 4.5%, 4.2%, 5.7%, 5.0% and 7.1%,

respectively.

4.10. Physical appearance and char morphology after
water immersion test

The oxidized layer on the surface of the char after furnace fire

test of coating samples exposed to water was examined crit-

ically. Fig. 16 (a, b, c). An uneven surface of the char was noted

for control formulation (HZ0). Detached and fragile char was

observed for coating formulations HZ1 and HZ3 after the

water immersion test. Micro size holes were present in the
Fig. 18 e Intumescent Factor (IF) calculated for THC

reinforced after water immersion test.
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Fig. 19 e (a) FESEM image of HZ 5 after water immersion test (b) EDX of HZ 5 after Water Immersion Test.
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formulation HZ2 with uneven structure. A comparatively

better char structurewas observed for HZ4 andHZ5. No cracks

and holes were present in HZ5, and uniform char structure

was achieved.

It was concluded that water immersion did not influence

on the physical appearance of char after furnace fire test. Char

expansion was calculated using the following equation.

Char Expansion ¼ Char Thikcness
Coating Thickness

(3)

Char expansion for all the formulations before and after

the water immersion test was calculated using the Eq. (3) and

presented in Fig. 17. Char expansion seemed to have reduced

after the water immersion test. Approximately 7.19% reduc-

tion in expansion was recorded for the control formulation,

HZ0. Lowest char expansion was noticed for HZ4, which is

about 315.8% and 28% less thanwhat it was before immersion.

Highest char expansion was noted for HZ1, which is about

481.3%. The slight variation of 4.28% was observed for HZ5,

which showed less affects after water immersion test. Intu-

mescent Factor ‘I'was also calculated using Eq. (2) similarly for

all the formulations referring to Fig. 18 below. Approximately

7.9%, 6.6%, 8.8%, 14.58%, 46.04% and 5.07% decrement in the

value was noted for HZ0, HZ1, HZ2, HZ3, H 4 and HZ5

respectively. This is because some of the hydrophilic flame-

retardant components are water-soluble and weak some

linkage of the polymer binder and decrease the resistance to

corrosion and the fire of intumescent coating [58]. Due to

higher contents of THCs that couldwithstandwater even after

96 h of water dip, HZ 5 has the minimum decrease in the

expansion of the char. There are no hydroxyl groups and

active ions on the main or basal surfaces of the THC and ZrP

elementary layer that justify hydrophobicity and minimize

water absorption through the coating surface. That is because

of fire protective materials destabilize the chemical reactivity

of the protective layer.

Micrograph after water immersion test of sample HZ5

showing in Fig. 19 (a) is not as similar as it was reported in

Fig. 11 (b). Tiny poreswere visible around the char surface, and

they allowed the penetration of heat to the substrate.

Although the presence of fillers was seen, understandably

sand-like rough surfaces were visible in the entire char res-

idue due to the water absorption effect before burning the
coating. Fig. 19 (b) is the spectrum assuring the presence of Al

and Si, which is an essential compound needed to develop

silicate network which formed their shielding over the char

surfaces to protect the layers from fire exposure.

In the char framework, formulation HZ5, significant cracks

and streaky char are found. This was considered due to

exposure to the flame-retardant fillers (EG-APP-MEL). APP

cannot react with PER or MEL in this way; amine and phos-

phoric acid will not be successfully sent out by the coating to

create a strong “foam” char structure, the coating is, therefore,

hard to grow. The EDX results continue to render flakes Al, P

and Si due to their hydrophobic features that can increase the

intumescent coating's water resistance. This study identified

that coating formulation containing 0.5wt% THC and 0.5wt%

ZrP showed better char compactness, fire prevention

compared to control formulation. The fire performance after

the water immersion test of this coating HZ 5 showed

approximately 8% increase in substrate temperature which is

235.8 �C and this temperature is far below the critical tem-

perature of steel.

The weather tests indicated that the coating was

strengthened with the inclusion of THCs and ZrP. THCs and

ZrP layer structure and hydrophobic characteristic the main

strategies to improve the water resistance of the coating. G.

Wang [26], observed similar behaviour of coating for water

resistance when glass flakes were added in an intumescent

protective coating, due to its flaky assembly decrease the

movement of fire. It was concluded that the intracellular

structure of graphite flakes improves water and ion penetra-

tion routes via the coating [59]. The structure of such fillers

can, therefore, be concluded to boost the water-resistance

efficiency of the intumescent layer.
5. Conclusions

This researchwas aimed to analyze the combination effects of

ceramic fillers (THC and zirconium phosphate) on the thermal

performance of the intumescent fire-retardant coating, which

is successfully achieved. Char structure has been improved for

HZ4 and HZ5. Minimum backside substrate temperature

achieved 219 �C for the formulation HZ5. FTIR results confirm

the presence of C]C, C]O, B-O-P, P-O-P bonds. XRD
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reconfirm the existence of sassolite. Zirconium phosphate is

also detected in the XRD spectrum of char. The higher char

residue among the studied formulations is the formulation

HZ5 at around 38%. FESEM analysis shows the improved char

layer for HZ5, having less cracks and voids as compared to the

controlled formulation. Presence of silicate network over the

char residue also confirmed from the micrographs. Improved

carbon content was seen in HZ1, HZ4 and HZ5 by 8.16%, 9.87%

and 6.89%, respectively in comparison to the control sample.

Water immersion test discover HZ5 has better resistance to

water absorption since it has shown only 0.02%weight change

in 14 days. HZ4 has shown a relatively higherweight change of

0.26%. Laboratory scale jet fire test conducted after the im-

mersion test reveal the control formulation shows 287 �C after

1 h of fire exposure, and approximately 17.83% temperature

reduction is recorded for HZ5.
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