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Abstract Smart self-healing coatings have been attract-

ing tremendous interest due to their capability for pre-

venting crack propagation in the protective coatings by

releasing active agents like isocyanate molecules from

micro/nanocapsules. The quality of healed area and sub-

sequent use of the healed coated module are directly

related to the chemical composition of healing agent.

Faster curing rate and more appropriate physical properties

were anticipated for moisture curing of bulky isocyanate

molecules than the low molecular weight monomeric

analogous. For practical utilization of these advantages,

encapsulation of such bulky isocyanate molecules was

considered in this work. To this end, optimized preparation

and characterization of novel single-layer polyurethane-

type microcapsules, richly and efficiently loaded with

bulky isocyanate molecules is described. This healing

agent was prepared through the reaction of excess amount

of isophorone diisocyanate (IPDI) with 2-ethyl-2-hydrox-

ymethyl-1,3-propanediol (TMP). The healing agent was

then encapsulated with a polyurethane shell via an oil-in-

water (O/W) emulsion polymerization technique. The

mixing rate and surfactant concentration were altered to

optimize the size and shell thickness of the microcapsules.

The prepared microcapsules were very stable after

10 months, and they just lost less than 7 wt% of their

loaded isocyanate molecules. The microcapsules were

loaded into an epoxy-based coating and the crack healing

efficiency of incorporated healing agent was clearly

recorded. Microcapsules containing monomeric IPDI were

also prepared and crack healing efficiency of these two

healing agents regarding crack healing was compared.

Introduction

Self-healing materials have been receiving considerable

attentions in coating industries due to their promising

potential to diminish deterioration and reducing the overall

maintenance cost of coatings [1–4]. The self-healing capa-

bility can be achieved through either intrinsic material

properties (reversible covalent or non-covalent crosslinking)

or extrinsic phases containing healing agents [4, 5]. In case of

extrinsic self-healing materials, a small volume fraction of a

healing agent is added to the base formulation of the coating

material. Usually, healing agents are loaded into a carrier and

then added to coating formulation. Application of different

systems such as hollow glass fibers [6–8], microvascular

networks [9, 10], electro-spun hollow fibers [11], and poly-

mericmicrocapsules [12–17]was reported in the literature as

carriers for healing materials. Among different possible

healing agents, application of those one-component materi-

als, which needs no catalyst for their reactions, attracted

more interest. Possible toxicity and high cost of catalysts as

well as simplicity of systems containing fewer ingredients

were main motivations for more concentration on catalyst-

free systems. In this regard, synthesis and application of one-

component and moisture cure system consisting of encap-

sulated isocyanatemonomers was highlighted in recent open

and patent literatures [18–25]. In practice, these materials

can easily transform to a polyurea protective layer via acti-

vation and reaction with moisture without needing any other

chemicals [26]. Also, by using isocyanates as healing agent,

it is possible to prepare autonomous self-healing system in

aqueous or humid environments.
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Recently, the reports based on encapsulation of iso-

cyanates have been limited to the blocked form of iso-

cyanates [27, 28] and there are a few reports about

encapsulation of liquid reactive isocyanates. For the first

time, Sottos et al. [18] described the synthesis of poly-

urethane (PU)-based microcapsules filled with IPDI

monomer. This monomer was microencapsulated into PU

shell composed of a toluene diisocyanate-based prepoly-

mer and 1,4-butandiol (BD) via an interfacial polymer-

ization technique. Yang et al. [19] also reported

microencapsulation of a more reactive aliphatic diiso-

cyanate, hexamethylene diisocyanate (HDI), into PU shell.

The shell was formed by in situ reaction of a commercially

available methylene diphenyl diisocyanate (MDI)-based

prepolymer and BD. The self-healing property of an epoxy

resin-based coating containing 10 wt% of these micro-

capsules was evaluated through examination of healed area

using scanning electron microscopy (SEM). The results

showed healing of scratched region after 48 h immersion

of coated sample in NaCl solution. In order to improve the

stability and shelf life of encapsulated isocyanate mono-

mer, Di Credico et al. [22] reported the preparation of IPDI

monomer encapsulated into a double-layer shell composed

of PU and urea-formaldehyde resin (PUF). The scratched

region in the epoxy coating containing 15 wt% of above-

mentioned microcapsules healed after 48 h immersion in

NaCl solution. To improve micromechanical property of

microcapsules shell, IPDI was encapsulated into the PUF

shell reinforced with carbon nanotubes [23].

The self-healing property of protective alkyd varnish

coatings (AVCs) containing IPDI-filled PUF microcapsules

was studied by Wang et al. [24]. Recently, Nguyen et al.

[25] reported encapsulation of isocyanurate trimer of HDI

into a polyurea shell using an interfacial oil-in-water

polymerization reaction. They found that the stability of

microcapsules was improved by functionalization of shell’s

outer surface with hydrophobic moieties. Reduction of

water molecules affinity toward the hydrophobic shell and

consequently lower diffusion through modified shell was

the reason for observing such a behavior.

Close inspection of works done regarding isocyanate

monomers encapsulation and preparation of corresponding

self-healing coatings revealed that the rate of healing reac-

tions and crack filling time were not satisfactory. In our

opinion, this was the reason for evaluating the healing phe-

nomena by immersion of scratched coating samples in

aqueous media for long time. Another concern in this area is

the quality of the healed area on the coating. It is clear that

polyurea formed upon moisture curing of low molecular

weight monomeric isocyanates cannot have enough

mechanical strength due to high crosslink density or/and low

molecular weight between crosslinked points. To overcome

these limitations, replacing monomeric isocyanate by a

higher molecular weight bulky isocyanate molecule in the

form of isocyanate-terminated urethane prepolymer was

considered in this study. The bulky isocyanate compound

was prepared through NCO functionalization of a triol with

controlled structure, and subsequently encapsulated into a

polyurethane shell. The encapsulation condition was tuned

to make microcapsules with desired morphology and

acceptable healing agent loading. The stability of prepared

microcapsules was evaluated by determining the healing

agent content after 10 months storage under controlled

conditions. The healing performance of a model epoxy-

based coating containing the prepared microcapsules was

studied and compared with similar system containing the

same microcapsules composed of monomeric analogous

healing agent. Visual inspection of healed scratched areas

confirmed superior behavior of novel microcapsules devel-

oped in this study.

Experimental

Materials

Toluene diisocyanate (TDI), isophorone diisocyanate

(IPDI), 2-ethyl-2-hydroxy methyl-1,3-propanediol (TMP),

chlorobenzene (CB), 1,4-butandiol (BD), dibutyltin dilau-

rate (DBTL), N-methyl-2-pyrrolidone (NMP), and Gum

arabic (GA) were purchased from Merck. Epoxy resin,

KER 828, based on diglycidyl ether of bisphenol A

(DGEBA) and its amine containing hardener (CRAY-

AMID 140C) was obtained from HEXION Specialty

Chemicals and Cray Valley, respectively. TDI and IPDI

were purified by vacuum distillation. TMP was freed from

moisture in a vacuum oven at 60 �C overnight. CB was

pre-dried by keeping on CaCl2 and then fully dried by

distillation under reduced pressure over P2O5. Other

chemicals were used as-received without further

purification.

Synthesis of isocyanate-terminated prepolymer

based on IPDI as healing agent (BIH)

Into a 500-mL three-necked round-bottomed flask equip-

ped with N2 inlet/outlet, a dropping funnel, a condenser, a

heating mantel, and a magnetic stirrer, IPDI (49.7 g,

0.22 mol) and CB solvent (30 mL) were added. The

dropping funnel was charged with TMP (10 g, 0.07 mol)

dissolved into 20 mL of CB solvent. The temperature was

controlled at 50 �C and under magnetic stirring, TMP was

dropped into the flask during 30 min. After adding one

drop of DBTDL to the flask, the reaction temperature was

increased to 75 �C. The reaction was continued until the

measured NCO content of product reached the calculated
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theoretical value (15.7 %.). The final solid content of

product was fixed on 40 wt% by adding extra CB solvent.

This solution was kept refrigerated until subsequent use.

Synthesis of isocyanate-terminated prepolymer

based on TDI as shell constituent (BIS)

Into a 500-mL three-necked round-bottomed flask equip-

ped with N2 inlet/outlet, a dropping funnel, a condenser, a

heating mantel, and a magnetic stirrer, TDI (38.28 g,

0.22 mol) and CB solvent (30 mL) were added. The

dropping funnel was charged with TMP (10 g, 0.07 mol)

dissolved into 20 mL of CB solvent. The temperature was

controlled at 40 �C and under magnetic stirring, TMP

solution was dropped into the flask during 45 min. One

drop of DBTDL was added to the flask and then the

reaction temperature was increased to 60 �C. The reaction

continued until the measured NCO content of the product

reached the calculated theoretical value (19.2 %.). Excess

CB solvent was used to obtain the product with 40 wt%

solid content. This solution was kept refrigerated until

subsequent use.

Synthesis of microcapsules containing BIH as core

material (MBIH)

GA (13.2 g) and deionized water (120 mL) were placed

into a three-necked round-bottomed polymerization kettle

equipped with a mechanical stirrer (three-bladed propeller),

a thermometer, a gas outlet, and an oil bath. The mixture

was stirred at ambient temperature for 3 h. In a separate

beaker was placed a mixture composed of BIH solution

(30.43 g) and BIS (2.5 g). The beaker content was stirred

magnetically and after complete homogenization (about

5 min), the resulting solution was transferred to dropping

funnel. The content of funnel was added dropwise to the

polymerization kettle during 15 min. During this step the

speed of the mechanical stirrer was fixed at 500 rpm. The

temperature of stably formed emulsion was increased to

50 ± 2 �C. Then the reactor was charged with BD (1.5 g)

as chain extender and the temperature was gradually

increased to about 70 ± 2 �C. Stirring of the reaction

mixture was continued for about 1 h, then the resulting

suspension was cool down to ambient temperature and

stirring was continued overnight. A sinter glass filter was

utilized for separation of the prepared microcapsules. They

washed with distilled water for several times, and then left

to dry at room temperature for 48 h.

The same procedure was repeated under different mix-

ing speeds of 600, 750, and 850 rpm, and the effect of

mixing speed on characteristics of resulting microcapsules

was studied. Also, the effect of GA concentration on size

and morphology of microcapsules was evaluated. For this

purpose, different concentrations (wt/wt%) of GA (11, 22,

and 33) were examined at fixed mixing speed of 750 rpm.

Synthesis of microcapsules containing IPDI as core

material (MIPDI)

Microcapsules filled with IPDI monomer were synthesized

by procedure described in ‘‘Synthesis of microcapsules

containing BIH as core material (MBIH)’’ section. BIS

(2.5 g) and IPDI (6.67 g) were mixed together and added to

aqueous solution of GA (11 wt%). After the addition of BD

(1.5 g), the stirring (600 rpm) of dispersion was continued

at 50 ± 2 �C.

Preparation of self-healing epoxy coatings

10 wt% of microcapsules prepared at modified conditions

(750 rpm and 22 wt% surfactant concentration) was gently

added into the epoxy resin via magnetic stirring for 10 min.

The mixture was placed in a low pressure oven for 30 min

to remove bubbles and trapped air. A stoichiometric

amount of the hardener, with a resin:hardener weight ratio

of 2:1, was added to the mixture. Neat epoxy coating was

also prepared as a control sample. The coating sample with

a wet film thickness of 500 ± 20 lm was applied using

film applicator (Zehntner ZUA2000 universal applicator

0–3000 lm) on the degreased PDFT sheet. The specimens

were left for about 30 min at ambient temperature, post-

cured for 30 min at 80 �C, and then again left for 48 h at

room temperature. Dry film thickness of the sample was

measured as 325 ± 25 lm using Mega check 20-ST (Fe-

NFe).

Measurements

The NCO content of prepolymers was determined

according to the back titration procedure described in

ASTM D 2572 using Eq. (1):

NCO % ¼ ½ðB� VÞ � N � 0:0420�
W

� 100; ð1Þ

where B and V (mL) designate the volume of consumed

HCl in titration of the blank and the sample, respectively.

N represents normality of HCl, and W is the weight (g) of

sample [18].

A Bruker EQUINOX 55 FTIR spectrophotometer (Et-

tlingen, Germany) was used for characterization of pre-

polymers and microcapsules. For this purpose, small

amounts of microcapsules were crushed under cryogenic

conditions. The extracted core and residual shell materials

were then characterized separately.
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The weight ratio of microcapsules to the initial weight

of substances was considered as the reaction yield %, and

calculated according to Eq. (2) [19]:

Yield % ¼ WMic

WPre�pol þWDiol þWIPDI

� 100 ð2Þ

WMic, WPre-pol, WDiol, and WIPDI stand for weight of

microcapsules, prepolymer, BD, and IPDI, respectively.

The core and shell contents were determined using

solvent extraction method. To this end, a desired amount of

microcapsules was crushed under cryogenic condition and

the core materials were extracted from the shell using dried

NMP solvent. The shell particles were then filtered and

washed several times and each of them was examined

separately.

For determination of encapsulated solvent content, small

amount of microcapsules was placed in a low pressure

oven (150 mmHg) at 100 �C and the weight changes were

measured till the weight became constant. The weight of

trapped solvent was calculated by subtraction of the initial

and final weights of microcapsules.

The shape, morphology, and size of the synthesized

microcapsules were analyzed using an optical microscopy

(OM) (Olympus CX21FS1) equipped with a Canon Pow-

ershot SX40 digital camera and a scanning electron

microscope (SEM) (Inca 250, Oxford) operated in the

secondary electron mode at 20 kV. The mean diameter of

the microcapsules was determined through at least 100

measurements in SEM micrographs and by analyzing the

data in Image J software.

The quality of healed region in epoxy coatings con-

taining either MBIH or MIPDI was examined by salt spray

method. Anticorrosion self-healing coatings were prepared

by dispersing 10 wt% of microcapsules into the epoxy

resin/hardener (2/1 wt/wt) mixture. The mixture was

degassed under low pressure by keeping in an oven for

30 min. Neat epoxy coating was also prepared as a control

sample. A steel panel was surface treated by being polished

with sandpaper NO. 400, degreased by acetone, and finally

washed with water. After drying, a coating layer with a wet

thickness of 500 lm and final thickness of 300–350 lm
was applied on steel panel. After completion of curing

reaction under previous described conditions, cross scrat-

ches were applied on the surface of panels by razor blade

according to the procedure described in ASTM D 1653 test

practice. All edges and backside of the coated substrates

were covered with hot melt mixture of beeswax and

colophony resin. 24 h after scratching the samples (the

appropriate required time for completion of healing pro-

cess), the coated specimens were placed in a salt spray

chamber, following the procedure of ASTM B 117, and

employing 5 wt% (50 g L-1) NaCl solution at 35 ± 1 �C.
The surface image of samples was recorded at pre-

determined time intervals to follow the progression of

corrosion on coated samples with and without added

microcapsules.

Stability of synthesized microcapsules was evaluated by

visual inspection of SEM micrographs recorded for sam-

ples aged for 10 months under ambient conditions. The

variation of microcapsules’ size and shape was considered

as an indication of microcapsules stability.

Results and discussion

Synthesis and characterization of prepolymers

and microcapsule

The synthetic routes followed for the preparation of pre-

polymers (BIH and BIS) needed as healing agent and shell

constituent are depicted in Scheme 1. Both of these

materials were prepared through the reaction of TMP with

excess amounts of either IPDI or TDI.

It is clear that BIH with preformed urethane linkages

made through the reaction of IPDI and TMP (an aliphatic

tri-functional alcohol) has higher molecular weight than

parent IPDI monomer. In fact, the reactive isocyanate

groups of BIH are decorated over a bigger molecule;

therefore, fewer numbers of reactions are needed for the

production of network with enough dimensional stability

and consequently better ability to cover underlying surface.

In addition, BIH eventually can produce a polyurethane-

urea network upon exposure to moisture. In comparison,

for IPDI as healing agent the formed network mainly

consists of urea linkages. For BIH-derived network, the

chain segments between crosslinked points consist of

flexible aliphatic groups of parent TMP; therefore, higher

chance for molecular weight build-up of formed network to

be preserved before reaching the verification point. How-

ever, for IPDI-derived system, the low molecular weight of

segments between crosslinked points restricts the progress

of network formation, and network with inferior dimen-

sional stability forms in this case. [29, 30]. BIH was pre-

pared through the reaction of TMP with IPDI. This reaction

leads to decrease the NCO content and also increase the

molecular weight of the basic reactants. Smaller amount of

these bigger reactants are needed to achieve the network

with sufficient dimensional stability. Therefore, in com-

parison with IPDI, BIH has higher rate of moisture curing.

The synthetic route followed for the preparation of

isocyanate-filled microcapsules was adapted from the

procedure reported by Di Credico et al. [22], which used

polyisocyanate-based TDI (Desmodur L-75) and BD as

main shell constituents as well as ethyl acetate solvent [22].

CB was used as solvent in whole process instead of ethyl

acetate in the present work. CB is more hydrophobic than
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ethyl acetate and therefore, it can protect better the

encapsulated isocyanate from the penetrated moisture.

Also, its higher boiling point than ethyl acetate can lead to

lower evaporation and more chance for remaining encap-

sulated during storage of microcapsules under ambient

conditions.

Scheme 2 shows the reaction sequences for preparation

of polyurethane shell. The water-soluble diol (BD) was

used as chain extender for polyurethane shell formation

because the relative rate for reaction of this diol with NCO

group is first order of magnitude higher than the reaction of

water with NCO group [18, 31]. Additionally, the diol

could favorably diffuse into the organic phase and promote

surface reactions prior to significant hydrolysis of iso-

cyanate groups with water. The large difference in reac-

tivity of IPDI and TDI [31, 32] provided the necessary

condition for the formation of stable shell wall and the

formation of microcapsules with a high BIH core content.

For chemical characterization of prepolymers and

polyurethane shell, FTIR spectroscopy was utilized

(Fig. 1). The FTIR spectra of the prepolymers showed

sharp and intense peak at 2256 cm-1 related to the free

NCO groups. However, there was no related peak at FTIR

spectrum of neat shell compound that indicated complete

reaction of BIS and BD. FTIR spectrum of the whole

microcapsules showed characteristic bands at 3371 cm-1

associated to the stretching vibration of urethane N–H

groups. Peak corresponding to urethane C=O stretching

vibration was observed at 1704 cm-1. The combination of

urethane N–H out of plane bending and urethane C–N

stretching vibrations appeared as a peak at 1523 cm-1.

Also, the presence of NCO group peak at FTIR spectrum of

this compound indicated that the reactive isocyanate

groups of BIS was successfully encapsulated. Therefore,

the adapted method was effective for preserving isocyanate

groups of core materials during polymerization procedure.

Among different parameters affecting the morphology,

size, and size distribution of the microcapsules, variations

of mixing rate and surfactant concentration were chosen in

the present work. As rule of thumb, the optimum overall

thickness of coatings should be about three times larger

than the largest microcapsule [33]. Therefore, it was tried

to control the microcapsules’ size under 100–120 lm,

since the desired intended thickness of final coating was

considered at about 300–350 lm.

To this end, the preparation procedure of microcapsules

was repeated at different mixing rates of 500, 600, 750, and

850 rpm, while the surfactant concentration was fixed at

constant amount of 11 wt%. In the second set of experi-

ments, the constant mixing speed of 750 rpm was chosen

and the effect of surfactant concentration at two levels of

22 and 33 wt% was studied. The optical and SEM images

Scheme 1 The reaction

scheme of preparation of

prepolymer of shell and core
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of synthesized microcapsules prepared at different condi-

tions are shown in Fig. 2. Spherical microcapsules were

obtained in all conditions except those microcapsules

obtained at low mixing rate or high surfactant concentra-

tion. This finding was in accordance to the results reported

by Yang and his co-workers regarding IPDI-filled PU

microcapsules [18]. Under all of studied conditions,

microcapsules with smooth outer surface with some wrin-

kles were produced. Inhomogeneous reaction kinetics,

fluid-induced shear forces, and shell-determined elastic

forces were considered as main determining factors for

observed morphology of microcapsules [34].

The shell thickness of the microcapsules is a key

parameter that affects its functionality. When the shell is

too thick, the microcapsule will not rupture under applied

forces, and therefore the core material cannot release and

consequently self-healing is not reachable. In contrast, if

the applied preparation procedure results in microcapsules

with a thin-shell thickness, the rupture of shell and release

of core material into polymeric matrix can occur during the

mixing of these microcapsules into the matrix [28, 35].

Therefore, it is crucial to adjust shell thickness of micro-

capsules and tune their stiffness based on the specific

properties of host coating matrix such as viscosity and

surface-free energy. Figure 3 shows SEM micrographs of

the ruptured microcapsules prepared at different condi-

tions. The SEM analysis showed that the wall thickness for

microcapsules varied in the range of 1.88–4.10 lm
depending on the mixing rate (500–850 rpm) and surfac-

tant concentration (11 to 33 wt%).

The recorded results showed that with increasing mixing

speed, the particle size of microcapsule was decreased and

the size distribution became narrower. The same results

were also reported during microencapsulation of dicy-

clopentadiene in shell composed of urea–formaldehyde

resin and for encapsulation of IPDI into a polyurethane

shell material [18, 36]. Variation of mixing rate controls

the equilibrium between shear forces and interfacial ten-

sions [37]. At low mixing rate, interfacial tension domi-

nates and droplets remain large but at higher mixing rate,

Scheme 2 The reaction

scheme of preparation of the

shell by polymerization of TDI

prepolymer with BD
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droplets experience strong shear forces and as a result,

larger droplets are broken into the smaller ones. The size

distribution of the prepared microcapsules plays an

important role on practical performance of the modified

coatings. Therefore, the mixing rate of 850 rpm was not

selected as the optimum condition, since at this rate a wide

distribution of microcapsules size was attained. Based on

the recorded data, the mixing rate of 750 rpm was selected

and the surfactant concentration was adjusted for this

mixing speed. The effect of variation of mixing speed and

wt% of surfactant on the characteristic properties of

microcapsules is tabulated in Table 1. By increasing the

mixing rate, the average size and shell thickness of the

microcapsules were decreased. In constant wt% ratio of

core/shell, with increasing mixing speed, the ratio of vol-

ume/surface area is decreased, therefore, the thickness of

microcapsules’ shell is decreased and less polymerized

materials are formed around the core droplets [18].

However, by increasing the surfactant wt%, the size and

shell thickness of the microcapsules were firstly decreased

and then increased. The exact mechanism by which sur-

factant concentration influences the microcapsule forma-

tion is not still clear [19], but it is accepted that the

surfactant concentration influences the interfacial tension

of emulsion media before the critical micelle concentration

(CMC) is reached [38, 39]. It is believed that higher sur-

factant concentration yields smaller oil droplets in oil-in-

water emulsion system and as a result, microcapsules with

smaller diameter were formed [40]. Yang et al. [19]

reported that beyond CMC, no considerable change in

diameter of microcapsules can occur. However, in the

present study, the diameter of the microcapsules became

bigger by increasing the surfactant wt% from 22 to 33. This

observation indicated that the CMC of the employed GA

was in the range of 22–33 wt%, and beyond the CMC the

interfacial tension might be a dominating factor and oil

droplets might be coagulated. Therefore, the ellipsoidal

microcapsules with bigger diameter were produced. Based

on the obtained results, the optimum condition for

microencapsulation was selected as 750 rpm for mixing

rate and 22 wt% for surfactant concentration.

For microcapsules prepared at different conditions, yield

of synthesis, the fraction of encapsulated BIH, and the

amount of trapped solvent were evaluated (Table 1). The

yield was calculated at about 42 ± 2.5 wt% under different

conditions. The yield value has not been significantly

affected by variation of mixing rate and surfactant con-

centration. Similar results were also reported by Huang and

Yang for polyurethane-based microcapsules filled with

HDI [19].

The characteristic properties of encapsulated BIH frac-

tion prepared at various conditions are tabulated in

Table 1. The fraction of encapsulated BIH was slightly

decreased by either increasing the mixing speed or sur-

factant wt%. Similar result was also reported for PU

microcapsules filled with IPDI [18] and HDI monomers

[19]. This phenomenon was attributed to the easier diffu-

sion of the chain extender (BD) and water throughout the

thinner microcapsule shells produced at higher mixing

rates. Consequently, more BIH molecules may be deacti-

vated via reaction with either water or BD [19]. Corre-

spondingly, the solvent content was increased with

increasing mixing rate. However, the maximum solvent

content was observed for microcapsules prepared at 22

wt% surfactant, indicating the dependency of solvent

content on microcapsules’ shell thickness. For microcap-

sules with thinner shell thickness, the solvent can diffuse

easily across the shell, and accordingly more trapped sol-

vent was expected for microcapsules with thinner shell.

Comparable results were reported by Sottos et al. [18] for

microcapsules containing IPDI.

Self-healing epoxy-based coatings containing MBIH

The healing performance of the coating containing

microcapsules strongly depends on the size of microcap-

sules and amount of encapsulated healing agent [41, 42].

Better filling of defect can be achieved by much more

amount of healing agent within the cracked area. Healing

efficiency of an epoxy-based coating containing 10 wt%

MBIH microcapsules was evaluated. An artificial crack

was created on the coated panel using a scalpel blade No

11. The same crack was created on a neat epoxy coating.
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(I) Optical (II) SEM
(a)

(b)

(c)

(d)

50 µm

100 µm

200 µm

100 µm

(e)

(f)

200 µm

50 µm

Fig. 2 Morphology of

microcapsules (OM and SEM

images in left and right

columns) and shell wall profile

(SEM image in right column) in

different conditions a–
d Surfactant concentration of 11

wt/wt% and mixing rate of 500,

600, 750, and 850 rpm

respectively, and e, f Mixing

rate of 750 rpm and surfactant

concentration of 22 and 33 wt/

wt%, respectively
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The scratched area was then inspected, by evaluating the

images obtained via scanning electron microscopic analy-

sis (Fig. 4). It was clearly observed that the crack created in

neat epoxy coating remained unfilled, but the crack on the

coating containing MBIH was successfully filled with

released healing agent from the ruptured microcapsules.

Same method was followed for evaluation of healing

performance of coatings containing encapsulated HDI [19]

and IPDI monomers [22]. In these works, the scratched

coatings were immersed in salt water solution for 24 h,

however, in the current study, the coating was kept under

ambient conditions. In fact, due to higher molecular weight

of BIH in comparison to HDI or IPDI, the molecular

weight build-up and production of cured material could

occur faster and more efficiently.

For further examination of this observation, BIH and

IPDI were applied directly on the glass substrate with a wet

film thickness of 5 lm using Doctor Blade film applicator.

Drying rate of the films was then evaluated according to

procedure described in ASTM D 1640 standard test prac-

tice. While a tacking and a curing time of about 15 min and

10 h was attained for BIH, the IPDI film remained at liquid

form even after 3 days exposure at ambient conditions. The

faster curing of BIH in comparison to IPDI was evidenced

by result of this experiment.

Additional information regarding higher ability of BIH

for formation of film with better quality than IPDI was

obtained by SEM examination of healed area of cracked

epoxy coatings loaded by equal amounts of microcapsules

containing BIH or IPDI. Figure 5 shows the SEM micro-

graphs of the fracture surface of epoxy coatings containing

10 wt% of two different categories of the microcapsules

after conditioning under ambient atmosphere for 24 h. The

micrographs show that the crack was healed by released

BIH (Fig. 5a), while the crack was still empty for sample

loaded with IPDI containing microcapsules (Fig. 5b).

To find out better perspective regarding improved

healing performance of coatings containing MBIH micro-

capsules over corresponding ones containing monomeric

isocyanate, MIPDI, the scratched coated panels were sub-

jected to salt spray experiment. The visual observations of

the samples during 1 week exposure to natural salt spray

chamber are shown in Fig. 6. It was clearly observed that

the corrosion process in the scotched area began after 48 h

for the sample containing 10 wt% MIPDI, however, the

corrosion process was not started till 1 week passed from

exposing of panel to corrosive environment. This result

was further evidence for the superior performance of BIH

compared with IPDI as healing agent. Better coverage of

damaged area upon moisture curing of released BIH was

the reason for the observed behavior.

(a)

(b)

(c)

50 µm

20 µm

100 µm

Fig. 3 SEM micrographs of ruptured microcapsules synthesized at,

a mixing speed of 500 rpm, b mixing speed of 750 rpm, and c mixing

speed of 850 rpm
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Table 1 Effect of mixing rate and surfactant concentration on the characteristic properties of microcapsules

Mixing

rate

(rpm)

Concentration of

surfactant (wt%)

Variation of

microcapsules size

(lm)

Mean

diameter

(lm)

Microcapsules

shell thickness

(lm)

Solvent

content

(wt%)

Core

fraction

(wt%)

Core fraction after

10 month aging (wt%)

500 11 100–450 250 ± 18.1 4.10 8.8 48.7 44.9

600 11 30–300 180 ± 10.4 3.59 11.1 46.5 41.5

750 11 40–250 150 ± 9.3 3.48 10.6 45.2 39.9

850 11 20–300 130 ± 12.2 2.53 13.1 43.9 38.1

750 22 4–100 45 ± 1.8 1.88 13.5 43.3 36.6

750 33 90–250 200 ± 7.5 4.09 8.9 47.2 43.7

The different subscript indices for each group of data show that the p value\0.05 and there are significant differences between mean diameter

value of neat, scratched, and healed samples (confidence interval 0.95)

(a) (b)

100 µm 100 µm

Fig. 4 The SEM micrographs of scratched area: a neat epoxy film and b epoxy film containing 10 wt% microcapsules

(a) (b)

100 µm100 µm

Fig. 5 The SEM images of

scratched region in a epoxy film

containing bulky multi-

functional IPDI-filled

microcapsules and b epoxy film

containing IPDI monomer-filled

microcapsules after 24 h

exposing to the air moisture
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Shelf life of microcapsules

To find out some information regarding stability and shelf

life of BIH-loaded microcapsules prepared under different

conditions, the weight of extractable BIH was determined

after storing the microcapsules under ambient conditions

for 10 months. The results were then compared with

measured weight of BIH extracted from fresh microcap-

sules [18, 19, 22]. The results (Table 1) show that the

microcapsules prepared at higher mixing rate lost higher

amount of their encapsulated BIH upon aging. Also, by

changing the surfactant amount at constant mixing rate, the

highest stability (the lowest loss of encapsulated healing

agent) was obtained for microcapsules prepared with

highest amount of surfactant. Keeping the previous results

in mind, it was concluded that the stability of microcap-

sules and preservation of encapsulated healing agent

directly related to shell thickness of microcapsules. The

microcapsules with thicker shell acted as better barrier

against penetration of moisture. Consequently for such

microcapsules, lower amounts of encapsulated BIH mole-

cules were deactivated via reaction with penetrated

Fig. 6 The pictures of epoxy

coatings with 10 wt% MIPDI

and MBIH loadings in different

times of exposing to NaCl

solution in the salt spray

chamber

(a) (b)

200 µm 200 µm

Fig. 7 The SEM micrographs of (a) scratched area of epoxy film embedded with 10 wt% microcapsules after 10 months aging, b cross section

of the same film showing filling the crack by extracted core material out of ruptured microcapsules
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moisture [19]. Yang et al. [18] also reached to the similar

result in the case of polyurethane microcapsules filled with

IPDI as healing agent.

For better elucidation of the stability of microcapsules,

the morphology of aged microcapsules was examined by

SEM images and compared with fresh microcapsules

(Fig. 7). These images confirmed that the microcapsules

kept their spherical shape after aging for ten months. The

same observation was reported by Di Credico et al. [22] for

polyurethane microcapsule filled with IPDI after 6 months

of aging.

The practical importance of microcapsules stability was

further evidenced by evaluating the gap-filling ability of

aged microcapsules loaded into an epoxy coating. For this

purpose, an epoxy coating containing 10 wt% of micro-

capsules synthesized 10 months ago was prepared. A crack

was created on the coated panel using scalpel blade. The

SEM analysis of scratched region (Fig. 8) showed that the

crack was completely filled by released core materials.

This result confirmed the suitability of reaction condition

applied for preparation of intended microcapsules.

To get more information regarding the quality of pre-

pared coating throughout the healed area, the coatings were

subjected to electrochemical impedance spectroscopy

assay, and the tensile strength of intact, scratched, and

healed coating samples was measured. Some more com-

prehensive salt spray evaluation was also considered. The

results of these studies will be presented in Part II of this

study.

Conclusion

A bulky polyurethane prepolymer based on IPDI, BIH, as a

reactive moisture curable healing agent was prepared and

encapsulated into polyurethane-based shell through an oil-

in-water interfacial polymerization technique. Two main

parameters including mixing rate and surfactant concen-

tration were optimized to reach to the spherical micro-

capsules with proper mean diameter (45 ± 1.8 lm) and

shell thickness (1.88 lm). The mean diameters of the

microcapsules and their shell thickness were decreased by

increasing the mixing rate. By increasing mean diameter of

microcapsules, the healing agent fraction was decreased

and the solvent content was increased. The yield of syn-

thesized microcapsules was about 42 %. SEM analysis

approved the stability of microcapsules aged for 10 months

under ambient condition. And most importantly, both fresh

and aged microcapsules containing BIH loaded into an

epoxy coating could fill the cracked area and heal the

damaged surface successfully and much better than corre-

sponding system made from IPDI as healing agent. The

result of salt spray experiment also confirmed better per-

formance of MBIH-containing coating for healing and

coverage of damaged area over monomeric isocyanate

analogous system (MIPDI).
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