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a  b s t r  a  c t

In the present study, hexamethylene diisocyanate (HMDI) encapsulated poly-thiourea

formaldehyde (PTF) (10 wt%) coating was developed in an  epoxy-polyamine matrix and their

anticorrosion studies on Type SS304 stainless steel substrate have been conducted using

electrochemistry techniques. The compact and hydrophobic shell wall of PTF proved to  be a

potent shell wall material for HMDI encapsulation. The effect of temperature and pH values

was found to be  decisive factor in the synthesis of microcapsules. The PTF microcapsules

were synthesized in acidic condition with a pH value of 3.  Over 90% of the  core fraction is

retained in water after 21 days immersion. However, core content decreased with increasing

temperature. The capsules were characterized by Fourier transform infrared spectroscopy

(FTIR), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and Elec-

trochemical Impedance spectroscopy (EIS). Scanning electron microscopic analysis depicts

the  uniform morphology of coating with a  particle size in the range of 1.08 �m–22.06 �m.

The vibrational band at 2271 cm−1 attributed to NCO signal further endorses the  successful

encapsulation of HMDI into the  PTF capsules. Electrochemical testing on steel specifies the

appreciable anticorrosion performance of the synthesized poly thiourea formaldehyde (PTF)

coating against artificial sea water.

©  2020  The Authors. Published by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.  Introduction

The total cost of corrosion globally amounts to ∼2.5 trillion US

dollars per year. Various strategies conventionally employed to

protect metal from corrosion include cathodic protection [1,2]
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corrosion inhibitors [3–7] conversion [8,9] and organic coat-

ings [10–12].  Among these, organic protective coatings are the

most widely used material in  corrosion mitigation measure

[7].  Microencapsulation technology is introduced in recent

years to develop smart materials for corrosion prevention.

The microcapsule incorporating core material is dispersed

into a  polymer-based matrix to form a  composite. Capsules

loaded with functional core materials have been used in var-

ious fields such as  ecology, drug release [13],  textiles [14],

cosmetics [15],  printing [16], fire resistance powders [17,18],
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electro-rheological fluids [15], electrophoretic displays [19]

and corrosion prevention [20].  The first  microcapsules-based

smart coating was designed in 2001 by White’s research group

[21]. Microcapsules act as  a  means of storing and delivering

the core material to prevent defect propagation in coatings

[22]. Several types of core materials such as  dicyclopentadiene

(DCPD) [21],  epoxy resin [23,24],  alkyd resin [25], tung oil [26,27],

linseed oil [28–30],  organic silanes [30,31], corrosion inhibitors

[28,32] and hexamethylene (HMDI) & isophorone (IPDI) based

isocyanates have been effectively encapsulated and integrated

into polymer matrices to  fabricate smart anticorrosion coat-

ings [33–35]. Among all single-component core material, water

sensitive isocyanates drew extensive attention due to easy

processing and anticorrosion behavior [27,36].

Generally, the  capsule walls  comprised of carbon-based

polymers, such as urea– formaldehyde [20],  melamine

formaldehyde and polyurethane. Poly-urea formaldehyde

(PUF) is extensively used as a  microcapsule wall  material

since it gives good performances of seal, penetration, resis-

tance, flexibility, high strength and impermeability [37,38].

Microcapsules shells were normally fabricated through layer

by layer assembly, coacervation, phase separation and inter-

facial or in situ protocols. In-situ polymerization method is

preferred owing to its facile synthesis procedure, low cost, con-

trollable microcapsule size and ease of industrialization [20].

Wu et al. developed PUF shells [39] to stack hexamethylene

diisocyanate (HMDI) with increased life span of capsules in

organic solvents. Sun et al. [40] used double-layered polyurea

shells as HMDI casing for enhanced performance in organic

solvents. Sun et al. [41] also studied the  effect of double-

layered PUF/polyurea compact shell on the  shelf life of

4,4′-bis-methylene cyclohexane diisocyanate in water. Urea-

formaldehyde (UF) resins have gained importance due to their

high reactivity, fast curing, non-flammability, compactness

and good thermal properties. UF microcapsule sustains its

performance in  both organic solvent and water [20]. Anti-

corrosion behavior of HMDI filled microcapsules were not

extensively studied [18,20,42].

Owing to the variety of applications of steel (SS-304) as

constructional material in seawater handling such as desali-

nation plants, undersea telecommunications hardware, power

plants, subsea pipelines, ships, hulls and submarines, we

selected it  as principal coating substrate in the present study

[43]. Inspite of developing a  passive layer of oxide on steel

in harsh sea water condition, the excessive chloride ion can

induce corrosion thus leading to the degradation of the mate-

rial and shortening in life time of marine structure.

To achieve better corrosion and wear resistant various mit-

igation measures are made. Usage of high alloy steel though

offers enhanced components durability, but their price and

hard machining hamper its application. To overcome these

prerequisite, variety of surface treatments like  anticorrosive

powder coatings, anodizing, nitriding, galvanizing and hard

chrome electroplating are used. Hence, there is  a  dire need

to develop better material coatings that are not only environ-

mentally compatible but also can enhance the durability of

the components by shielding them from corrosion [44–46].

The aim of this research was to develop and assess the

anticorrosion ability of the novel PTF coating on SS-304

substrate. The PTF capsule was  synthesized via interfacial

Table 1 – The chemical composition (wt%) of stainless
steel (SS-304) substrate.

Elements Cr  Ni  Mn N S  C Si P Fe

wt% 18  8.23 1.84 0.10 0.003 0.078 0.456 0.013  Balance

Table 2 – Typical composition of marine water
containing various salts and their concentration in g/L.

Salts Concentration (g/L)

Sodium chloride 24.530

Sodium sulfate 4.0900

Magnesium chloride 11.100

Calcium chloride 1.1600

Potassium chloride 0.6900

Sodium bicarbonate 0.2000

Potassium bromide 0.9900

Boric acid 0.2800

Strontium chloride 0.0030

Sodium fluoride 0.0002

polymerization between DETA and isocyanates whereas the

crosslinking at the interface of core material (isocyanate)

ensures the  formation of solid capsule shell. The compact

thiourea formaldehyde wall material was selected to circum-

vent diffusion of the encapsulated HMDI. Moreover, the robust

linkage between the host polymer and the microcapsule shell

ensures the persistence of the PTF capsule during processing

of the  matrix [36].  The synthesized PTF microcapsules were

dispersed in epoxy (solid content 80 wt%) and subsequently

applied on steel substrate SS-304. The effect of salinity, chlo-

rinity, pH, and temperature on the corrosion resistance of

SS-304 in  harsh corrosive conditions was tested. Finally, the

thermally cured PTF coated coupons were subjected to elec-

trochemical impedance spectroscopic studies to  evaluate their

anticorrosion behavior on SS-304.

2.  Experimental

2.1.  Materials  and  methodology

Gum Arabic (GA), diethylenetriamine (DETA), 4,4′-

diphenylmethane diisocyanate (MDI) prepolymer suprasec

2644, hexamethylene diisocyanate (HMDI), thiourea, ammo-

nium chloride, resorcinol and hydrochloric acid solution

(HCl, 0.1 M) were procured from Sigma Aldrich. Salts for

the preparation of artificial seawater such as boric acid,

calcium chloride, magnesium chloride, potassium chloride,

sodium hydroxide, sodium chloride, sodium sulfate, sodium

bicarbonate, strontium chloride and sodium fluoride were

purchased from Riedel-De-Haen. The blend of bisphenol A

(resin) and polyamide (hardener) were used as an epoxy coat-

ing. All the chemicals in this study were used as  purchased

with no additional purification. The chemical composition of

the investigated steel SS 304 is  shown in Table 1 [45].

The electrolyte used for electrochemical studies in the

present study was artificial seawater. It was prepared

according to ASTM D1141 standard method by using exact

concentrations of various salts such as chlorides, sulfates, car-

bonates and bicarbonates [24,47]. About 41.953 g of salts were

dissolved in distilled water to prepare 1 L  of seawater and pH
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of the solution was  adjusted to 8.3 by adding few drops of 0.1 M

NaOH and 0.1 M HCl aqueous solutions. Table 2 shows the typ-

ical composition of marine water containing various salts and

their concentration in g/L [48].

SS-304 substrate sheets were initially abraded with 600, 800

and 1200 grit emery paper followed by casting into coupons of

1  × 1 cm2. These coupons were then conditioned by immersion

in NaOH solution of pH∼10 for two minutes to make it preg-

nable and to activate its terminal group for proper adhesion.

Finally, the coupons were washed three times with freshly

distilled water and rinsed with acetone.

2.2.  Synthesis

The encapsulation of HMDI leading to  the synthesis of

poly-thiourea formaldehyde dual-shelled microcapsule was

accomplished by the complimentary polymerization tech-

niques namely interfacial and in situ polymerization. Firstly,

the microcapsules were synthesized using interfacial poly-

merization in an  oil-in-water blend. At the  outset, gum

Arabic (2.5 wt%) was dissolved in 30 mL  of deionized water

and the surfactant solution was heated at 30 ◦C to obtain

a homogenous aqueous phase. Afterwards, the uniform oil

phase containing 4.5  g of HMDI and 0.5 g of MDI was  emulsified

in the surfactant aqueous solution (A) under certain agitation

speed. Once the system was  stabilized at 30 ◦C for 45  min, 18 g

of DETA solution (30 wt%) was added to instigate the interfacial

polymerization (B). Meanwhile, temperature of the  suspen-

sion was  elevated to 65 ◦C and kept for 30 min. The slurry of

thiourea microcapsule was  subsequently washed with deion-

ized water for  3–4  times [27].

In another beaker (C) containing 60 mL  of deionized water,

2 g of thiourea was dissolved in 0.5 g  of both ammonium

chloride and resorcinol solution. To ensure thorough mix-

ing, an agitation rate of 200 rpm was  maintained and pH

of the solution was tuned from neutral to approximate pH

3 using HCl and NaOH aqueous solutions. The previously

synthesized capsules were poured into the solution (C) after

stabilization at 55 ◦C.  After a  further reaction for 20 min,

formaldehyde solution (37 wt%/4.5 mL)  was added in suspen-

sion (D) to develop a  topcoat of formaldehyde on thiourea

microcapsules. The capsules suspension was  washed with

deionized water three times prior to air drying for 12 h. The

complete schematic of the synthesis of multilayered poly-

thiourea formaldehyde microcapsules is explicitly illustrated

in Fig. 1.

Poly-thiourea formaldehyde coatings were made by the

blend of PTF capsules in acetone under stirring at 200 rpm for

5  min  at RT. Bisphenol-A (epoxy resin) and xylene were intro-

duced to the mixture, followed by the addition of polyamide

(curing agent). The same solution was  kept for 15 min  after

continuous stirring at 200 rpm. The coating layers were

applied onto the SS-304 steel substrates via a drawdown bar

with a wet thickness of about 500 �m. The wet films were

placed in a dust free chamber for 24 h,  followed by thermal

curing at 60 ◦C for 1 h. All cured films were kept at ambi-

ent conditions for 3 days before testing. Different weight% of

PTF microcapsules were incorporated into epoxy to formulate

coating system as  shown in Table 3.

2.3.  Characterization

Fourier transform infrared study of poly-thiourea formalde-

hyde microcapsules was performed for functional group

identification employing the  FTIR spectrometer (Perkin Elmer

Spectrum One (Ver. B)) at room temperature. Thermal behav-

ior of the synthesized capsules was recorded using Toledo

Perkin Model Q 500, at the heating rate of 10 ◦C/min in  an argon

atmosphere. To examine water resistance, PTF capsules were

immersed in  open air and water solution with different pH

values (pH 1 and pH 11) for a certain duration to observe the

effect on relative core fraction. TGA was performed to  ascer-

tain the thermal stability and residual core fraction of PTF

capsules. Acetone immersion method was used to  measure

the core content of HMDI in capsules.

Cshell +  Ccore =  Cmicrocapsules (1)

Encapsulation efficacy was calculated from the mass of the

resultant PTF capsules (Wm) over the preliminary weight of all

the reactants (HMDI and pre-TUF).

Microencapsulation efficiency

= [Wm / (WHMDI + Wpre-TUF)]  × 100% (2)

The surface morphology and particle size characterization

of the PTF coated substrates was  carried out using a  JEOL

6700F field emission microscope. Finally, the electrochemical

studies were carried out by potentiodynamic polarization and

electrochemical impedance spectroscopy (EIS) using Gamry

instrument reference 3000 potentiostat/galvanostat ZRA (Zero

resistance ammeter). A  three-electrode set-up comprising of

a  saturated calomel (reference electrode), graphite (counter

electrode) and steel coupon with an exposed area of 1 × 1 cm2

(working electrode) was used. To achieve stabilization, all the

test samples were soaked in an artificial seawater, one day

prior to the electrochemical test.  Spectra were obtained in the

frequency range from 106 to 10−2 with an  AC amplitude of

10  mV. Data fitting was done using Echem Analyst software

version 6.33.

3.  Results  and  discussion

The PTF smart coatings were synthesized through an estab-

lished in situ polymerization reaction as reported elsewhere

[49].  The pictorial representation of the encapsulation of

HMDI by poly-thiourea microcapsules followed by formalde-

hyde topcoat in an oil-and-water emulsion system is shown

schematically in Fig. 1.

3.1.  FT-IR  studies

The FT-IR spectra of the core material, pure HMDI, suprasec

2644 (MDI), fresh and processed PTF microcapsules are shown

in Fig. 2.  The characteristic vibration bands of all the compo-

nents of poly-thiourea microcapsules were in good agreement

with the literature values [41].  The processed microcap-

sules were prepared by preserving fresh shell material for
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Fig. 1 – Scheme for the synthesis of poly-thiourea formaldehyde-based coatings.

Table 3 – Composition of poly(thiourea) formaldehyde coatings.

Sr. no Microcapsules (wt%)  Epoxy (g)  Hardener (g) Filler (g) Solvent (mL)

1 1 wt%-PTF 5  6.7 0.2 7

2 5 wt%-PTF 5  6.7 0.2 7

3 10  wt%-PTF 5  6.7 0.2 7

Fig. 2 – The IR spectra of a) HMDI b) MDI c) processed

microcapsules d) PTF microcapsules e) DETA treated

microcapsules.

5 days in DETA solution and in an aqueous solution of pH

1 respectively. The IR spectrum of HMDI and core material

was nearly alike indicating the effective HMDI encapsulation.

However, the subtle phenyl group stretches at 1642 cm−1 and

1543 cm−1 were still detected ensuring the connectivity of the

suprasec 2644 within the capsule by diffused DETA and water

molecules. Conversely, the −NCO signal at 2271 cm−1 was still

observed in the  spectrum of shell. During the reaction pro-

cess, the high crosslinking density restricts the continuous

depletion of residual −NCO groups by diffusion-in water. The

presence of NCO band within the spectrum of fresh shell is

primarily due to the compact shell wall, which confirms the

absence of the  unreacted NCO groups. On the other hand, the

Fig. 3 – Thermogravimetric curves of the fresh  and

processed poly-thiourea formaldehyde microcapsules.

vanishing of this NCO band from 2271 cm−1 after shell pro-

cessing validates the reactivity of NCO group thus ensuring

the effective inclusive incorporation of HMDI.

3.2.  Water  resistance  and  thermal  stability  of

anticorrosive  PTF  microcapsules

The weight loss curves of fresh and processed PTF micro-

capsules as a  function of temperature were recorded using

thermogravimetry as  illustrated in  Fig. 3. Thermal properties

of PTF microcapsules at various synthesis stages were also

investigated. PTF microcapsules were soaked in DETA solution
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meanwhile their tolerance to a highly acidic solution of pH  1

and subsequent temperature stability was also checked. The

thermograms of treated microcapsules were finally recorded

after completely drying at RT. Fresh PTF microcapsules started

to lose weight below 100 ◦C due to the presence of free

formaldehyde. However, the first  major weight loss is seen

between 176 ◦C to 184 ◦C owing to slow degradation till 394 ◦C.

Second major weight loss  occurs between 416 ◦C to 425 ◦C

attributed to the disintegration of the core material (HMDI)

with complete decomposition around 600 ◦C. We  observed

a steady weight loss at 169 ◦C beckoning toward the HMDI

weight loss because of small shell thickness and larger sur-

face area in line with the  literature [41].  It is reported that

pure HMDI loses weight at 169 ◦C and starts evaporating only

because of small shell thickness and larger surface area [41].

Ultimately, we found out that fresh PTF microcapsules are

more thermally stable compared with their processed cap-

sules as indicated by high char yield of 39 wt% whereas char

yield of 17 wt%  and 18 wt% was  found for acid soaked and

DETA treated PTF microcapsules.

Water resistance of these anticorrosive smart coatings was

envisaged by immersing fresh capsules in acidic and alkaline

solutions respectively. The relative core fraction decreased

steadily with increasing immersion time in both acidic and

alkaline solutions. The relative core fraction was  83% (Eq. (1))

in alkaline (pH 11) and 79% in acidic media (pH 1) respectively.

Diffusion of H2O molecule s in microcapsules under longer

immersion time consumes more  core material (HMDI). Con-

versely, the exceptional stability in buffered solutions protects

encapsulated PTF microcapsules.

The pot life of synthesized poly thiourea formaldehyde

(PTF) microcapsules was assessed by exposure to air and

immersion in  water at various temperatures. It is revealed that

higher temperature accelerates the diffusion of H2O molecules

and increases shell porosity leading to low durability of PTF

microcapsules in warm  water. The core content of PTF cap-

sules was measured by acetone immersion technique, the

value was around 82% (Eq. (1)). This high core filling leads to

higher encapsulation efficiencies of PTF microcapsules. The

encapsulation yield was 63 ± 2.1% (Eq. (2)), lesser than 100%,

which was due to polymerization of pre-TUF to the PTF units

during the formation of the casing. As assessed by weight loss

measurements, in damp air the relative core fraction reached

94.2% residue after 21  days. Additionally, a  similar decreasing

trend was observed in relative core fraction of PTF capsules

immersed in water at room temperature with 92% residue left

after 21 days. The penetration of water molecules into the cap-

sules led to  a  decrease in residual content in comparison to

open air. Unique PTF shell material contributed to the notable

water resistance yet, the core material was entirely depleted

after 14 days in 30 ◦C  and 7 days in 40 ◦C.

3.3.  Factors  affecting  the  particle  size,  morphology  and

corrosion  onset

The shell compactness and size  of the PTF capsules were mon-

itored with a scanning electron microscopy as  shown in Fig. 4a.

For calculating the mean diameter, 200 individual capsules

were measured. The average particle size of poly-thiourea

microcapsules greatly depends on the rate of agitation. Higher

Fig. 4 – SEM micrographs of PTF microcapsule

demonstrating the a) particle size distribution and b), c) and

d) morphology of HMDI containing PTF microcapsule at

varied magnification (100 �m → 20 �m).

Fig. 5 – EDX spectrum of bare SS-304 after exposure to

artificial sea water.

the rate of agitation smaller is the particle size and vice versa.

In the present study, SEM results show that the microcap-

sules have coarse outer layer, random particle size distribution

with uniform morphology. Particle size was  found in the range

of 1.08 �m–22.06 �m.  These microcapsules were filled with

catalyst-free healing agent HMDI, which was protected by a

shell and is  not in contact with the polymer matrix directly

until subjected to a rupture propagating cracks in the matrix.

SEM images of coatings after electrochemical studies depicted

the signature of salt deposition due to corrosion with slight

rupturing of microcapsules. Once the corrosion has  occurred,

the loaded core material (HMDI) started to  ooze out into the

cracks via capillary action as shown in Fig. 4.

SEM micrographs of SS-304 coated substrate revealed the

surface damage in  the form of small corrosion pits. Reddish

brown corrosion deposits were also observed on the bare metal

surface. EDX further evidenced the deposition of various salts

namely hematite metal oxide (Fe2O3) rusting the metal surface

along with deposition of sodium and chloride ions. Composi-

tional analysis of metal surface shows an increase in overall

wt% of Fe as investigated by EDX. This means that SS-304

is  slowly degraded due to  enhanced exposure to an aggres-

sive electrolyte. Fig. 5  shows the EDX spectrum of bare SS-304

after exposure to artificial seawater for seven days. SEM micro-

graphs revealing corrosion signature at gradually decreasing

magnification as depicted in the Fig. 6.  While Table 4 gives the
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Fig. 6 – SEM micrographs showing corrosion effects on bare steel immersed in seawater for 1-week a) 100-�m b) 50-�m c)

20-�m.

Fig. 7 – The impedance modulus vs frequency curve on the left  and Nyquist plot of PTF coated SS-304 on right.

Table 4 – Elemental composition of SS-304 after
prolonged exposure to seawater.

Element Weight% Atomic%

O 17.5 34.1

Na 11.3 15.2

Al 11.5 13.2

Cl 12.1 10.6

Cr 9.70 5.80

Fe 34.1 19.0

Ni 3.62 1.92

elemental composition of the same substrate after prolonged

exposure to seawater.

3.4.  Electrochemical  corrosion  studies

PTF coatings were monitored by EIS and potentiodynamic

polarization measurements by means of Gamry Reference

3000 potentiostat/galvanostat. The impedance and potentio-

dynamic measurements were also recorded with reference to

open circuit potentials (OCP). The electrochemical set  up was

kept for 20 min prior to the measurements in order to get sta-

ble OCP. Fig. 7 shows the impedance modulus versus frequency

plot together with nyquist plot for PTF coated SS-304 in arti-

ficial seawater. Rsoln,  Rpo, Ecorr, Icorr,  and corrosion rate were

obtained by using E-Chem analyst software. Nyquist results

illustrate the improvement in behavior of PTF coating com-

pared to bare metal under similar conditions. Table 5 sorts

out various impedance and polarization parameters calcu-

lated after electrochemical testing and subsequent Reap2cpe

model fitting of bare (1 × 1 cm−2)  and PTF coated (10 wt%)

steel coupons. All the measurements were performed thrice

to guarantee the reproducibility of outcome.

Quantification of corrosion protection efficiency of PTF

coatings was done using potentiodynamic polarization with

artificial seawater as electrolyte. Ecorr value obtained for PTF

coated SS-304 (−63.2 mV)  was more  positive than that for

the bare steel (−125 mV)  indicating the superior corrosion

protection. The positive shift in  Ecorr values demonstrates

the improved protection efficiency of PTF coating on SS-304.

Moreover, the corrosion shielding efficiency was  signifi-

cantly enhanced by increasing the microcapsule loading (i.e

Table 5 – Electrochemical corrosion measurements of bare and PTF coated SS-304.

System Rsoln (�) Rpo (�) Icorr (�A) Ecorr (mV) Rcorr (mpy)

Bare SS-304 4.28 1.69 −74.3 −125  2.1

PTF coated SS-304 (10 wt%) 90.5 30.9 −0.08 −63.2 1.2
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1–10 wt%). The calculated corrosion current (Icorr)  for PTF

coated steel electrode was lower than the uncoated coun-

terpart and corresponds to a  corrosion rate (Rcorr) of about

1.2 mpy. Significantly higher polarization resistance (Rpo) was

observed for the PTF coated substrate in artificial seawater.

Consequently, based on the results of electrochemical mea-

surements, PTF coated strips offer better corrosion resistance

than uncoated coupons.

4.  Conclusion

The coalescence of interfacial and in-situ polymerization

methods used for incorporation of HMDI in poly-thiourea

formaldehyde (PTF) shell was studied. The characteristic -NCO

peak (2200 cm−1)  in FT-IR endorsed the effective encapsula-

tion of core material (HMDI) into the capsule. The influence

of experimental parameters on the encapsulation process

was systematically investigated. The results illustrate that

the preparation of PTFs is highly dependent on the synthe-

sis conditions. The agitation rate controls the  diameter of the

microcapsules; the higher core loading leads to higher encap-

sulation efficiencies of capsules, whereas the solution pH

value in the range of 3–7  is found to be optimum for the synthe-

sis of PTF capsules. From TGA results, freshly synthesized PTF

capsules were observed to be  more  stable compared with their

processed capsules. The coarse morphology of microcapsule

shell revealed via SEM has offered a good anchoring between

capsule and epoxy matrix. Electrochemical measurements

disclose that PTF coating displayed quite good corrosion pro-

tection ability to steel substrate as is evident from lower Rcorr

value of about 1.2 mpy  compared to bare SS-304. Further mea-

surements including TEM studies are underway to understand

the potential self-healing ability of synthesized PTF microcap-

sules.
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