
1. Introduction

Nowadays there has been a considerable amount of

research interest in recent years in the preparation of

various healing agent filled microcapsules. These mi-

crocapsules can be used in the development of poly-

mer self-healing composites for various applications

such as aerospace, automotive, marine and building

components etc. Currently, urea and melamine-

formaldehyde are the predominant shell wall mate-

rials in the preparation of such microcapsules [1–12].

However, the use of both shell wall materials has

their own limitations and challenges. Yuan et al. [10]

reported that poly(urea-formaldehyde) as a shell ma-

terial was hydrophilic in nature, which could result

in poor heat-resistance, poor anti-aging properties

and higher content of free formaldehyde in the

preparation of microcapsules. Though the use of

poly(melamine-formaldehyde) resin as a shell mate-

rial can increase the mechanical properties of micro-

capsules, but it is limited due to its high cost [13].

However, in spite of this the major challenge of these

two materials is the use of formaldehyde which is

not only a well-known human carcinogen, but also

causes indoor air pollution. It has been reported in

the literature that with the use of formaldehyde, peo-

ple could suffer: irritation in nose, eyes and ear, trou-

ble in respiration, vomiting tendency, skin irritation

etc. [14–16]. Therefore, there is a need to develop

new shell wall material for the preparation of such

microcapsules.

The use of poly(methyl methacrylate) (PMMA)

polymer as a potential shell wall material in mi-

croencapsulation process of such microcapsules has

been reported in the literature [17–21]. Li et al. [17]
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first introduced the preparation of curing agent and

epoxy loaded PMMA microcapsules by solvent

evaporation technique for the development of poly-

meric self-healing composites. Later on Li et al.
[18] further investigated the effects of some pro-

cessing parameters such as surfactant concentration,

core-to-shell ratio, reaction temperature and agita-

tion speed on the curing agent loaded PMMA mi-

crocapsules using a conventional one-at-a-time ap-

proach. The literature review shows that the

parametric study for epoxy loaded PMMA micro-

capsules is limited [21]. A detailed parametric study

of such microcapsules can improve the various

properties of such microcapsules (i.e., yield percent,

smooth and stable morphology and core content

etc.) most importantly the core content (i.e. amount

of healing agent within the capsules). In the self-

healing of polymer composites through microcap-

sules approach, core content of microcapsules plays

an important role in healing of the composite mate-

rial. The microcapsules containing high amount of

core content can release the maximum amount of

healing material which can heal the maximum area

of cracked surface.

For this study four parameters such as surfactant

concentration, core-to-shell ratio, temperature and

agitation speed and their five different levels have

been selected for experimentation. The full factorial

experiments of 625 (54) can be completed in just 25

experiments by the implementation of Taguchi or-

thogonal array with L25 matrix. As a result, Taguchi

method is more advantageous in comparison to other

traditional methods such as full factorial design and

simplex etc. because it drastically reduces the num-

ber of experimental runs to a practical level. Hence,

this approach significantly saved the experimental

time and its related costs which could be consumed

for the conduction of four parameters individually.

Therefore, this methodology is more adaptable than

the other methods [22–26]. In Taguchi methodology

two essential tools are required such as:

(i) Taguchi orthogonal array (OA): Taguchi’s OA al-

lows considering a selected subset of combina-

tions of multiple parameters at multiple levels.

Taguchi OAs are balanced to ensure that all lev-

els of all parameters are considered equally.

(ii) Signal-to-noise ratio (SNR) analysis: This

analysis displays the relation between profitable

results (signal) and deviation of measured val-

ues (noise). In addition, this ratio clarifies the

optimization process i.e. higher the SNR, more

optimal are the results [27, 28]. 

ANOVA is employed to find the optimum parameter

conditions and to analyze the effect of various

process parameters on the core content of such mi-

crocapsules. Thus, the aim of this article is to study

the influence of various parameters on the core con-

tent of epoxy loaded PMMA microcapsules through

Taguchi’s parameter design approach. An optimum

combination of parameter conditions obtained for sur-

factant concentration, core-to-shell ratio, tempera-

ture and agitation speed in response to maximizing

the core content of microcapsules were evaluated

and later verified experimentally. The resulting epoxy

loaded PMMA microcapsules were characterized by

optical microscopy (OM), scanning electron micro -

scopy (SEM), transmission electron microscopy

(TEM), mean particle size and particle size distribu-

tion (PSD). Furthermore, a comparative study be-

tween contour plots and Taguchi method was also

done to verify the Taguchi’s method findings.

2. Experimental

2.1. Materials

Diglycidyl ether of bisphenol-A (DGEBA) [(Araldite

LY 556) having epoxide equivalent weight: 183–

189 g/eq, viscosity at 25°C: 10000–12000 cps] used

as a core material was purchased from Huntsman

Advanced Materials (P) Ltd. Mumbai, India. Poly

(vinyl alcohol) (PVA) (Mw approx. 125000) and sodi-

um laurlyl sulphate (SLS) used as stabilizer and ionic

surfactant were purchased from Central Drug House

(P) Ltd. India. Analytical grade dichloromethane

(DCM) purchased from Fischer Scientific (P) Ltd.

was used as received. Deionised (DI) water was used

throughout the course of this study.

PMMA was prepared in the laboratory by bulk poly-

merization method using azobisisobutyronitrile

(AIBN) as initiator, methyl methacrylate (MMA) as

monomer and methanol as coagulant. The average

molecular weight of the prepared polymer was de-

termined by GPC analysis: Mn = 5.38·105 and Mw =

8.75·105 daltons with polydispersity index of 1.6.

2.2. Preparation of PMMA microcapsules

A series of epoxy loaded PMMA microcapsules

were prepared by solvent evaporation method. All

experiments were carried out in a 2 L beaker fitted

with a mechanical stirrer. A procedure adopted for

the preparation of such microcapsules is presented
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in Figure 1. Following steps were involved in the

preparation of such microcapsules:

(1) Preparation of aqueous and organic phase
For the preparation of microcapsules two phases

such as aqueous and organic phases were prepared

as follows:

(i) Aqueous phase (300 mL) was prepared by dis-

solving 1 wt% PVA and varied amounts of SLS

(as given in Table 2).

(ii)   For the preparation of organic phase 1 g PMMA

was dissolved in 30 mL of DCM and varied

amounts of epoxy (as given in Table 2) was

added.

(2) Preparation of microcapsules
For the microencapsulation process the organic

phase (30 mL) was subsequently poured into aque-

ous phase (100 mL) under continuous agitation and

the mixture was left for 30 min under agitation for

the formation of epoxy droplets. After 30 min, the re-

sultant oil-in-water (O/W) emulsion was poured into

remaining aqueous phase (200 mL) using varying

agitation speed (as given in Table 2) and at varying

temperature (as given in Table 2). After maintaining

all experimental conditions, DCM was allowed to

evaporate completely to obtain PMMA microcap-

sules. Finally, the prepared microcapsules were

cooled down to room temperature, separated using

centrifuge at 2000 rpm, washed repeatedly with

methanol and DI water to remove the unencapsulat-

ed epoxy resin, remaining PVA  and SLS. Then the

thoroughly washed microcapsules were freeze dried

for 24 h.

2.3. Design of experiment (DOE) by Taguchi

method

2.3.1. Selection of parameters and their levels

From the basic knowledge of epoxy loaded PMMA

microcapsules preparation, four key parameters that

could affect the core content of such microcapsules

were chosen for this study i.e. (i) surfactant concen-

tration; (ii) core-to-shell ratio; (iii) temperature and

(iv) agitation speed. The selected parameters and

their levels are summarized in Table 1. The ranges of

levels were chosen on the basis of literature [18, 21]

and our preliminary experiments.

2.3.2. Selection of Taguchi’s OA

After selection of parameters and their respective

levels, selection of Taguchi’s OA is the most impor-

tant step. For the study of four parameter and their

five levels, the L25 OA can be used [29]. The twenty

five combinations of the parameters are outlined in

Table 2.

2.3.3. SNR analysis 

Taguchi methodology utilizes the SNR analysis to

determine the optimum conditions for process pa-

rameters. There are three types of SNR analysis cri-

teria for optimization: smaller-the-better, larger-the-

better and nominal-the-better [30, 31]. In this study,
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Figure 1. Schematic diagram showing the preparation of epoxy loaded microcapsules using solvent evaporation method

Table 1. Experimental parameters and their selected levels

Parameters [units]
Levels

1 2 3 4 5

Surfactant concentration [g] 2.5 5 7.5 10 12.5

Core-to-shell ratio          [in moles] 1:1 1:2 1:3 1:4 1:5

Temperature                   [°C] 25 40 55 70 85

Agitation speed              [rpm] 300 600 900 1200 1500



a high core content of microcapsules is a desirable

property; hence, the statistical analysis is carried out

with larger-the-better criteria. SNR for larger-the-

better is expressed according to Equation (1):

(1)

Where y represents the measured value of core con-

tent obtained from a run and n is the number of

measurements in a trial. All statistical analyses were

done using Minitab 17 software.

2.3.4. ANOVA analysis

In order to observe the practical (% contribution) and

statistical (P ≤ 0.05) significance of various param-

eters on core content of microcapsules, ANOVA was

performed. From this analysis, variance of parameter

was calculated by determining the quantities such as

the degree of freedom, sum of square, variance and

the percentage contribution of each parameter [31].

2.4. Characterization of microcapsules

The amount of epoxy resin encapsulated in the pre-

pared PMMA microcapsules was determined by ex-

traction method based on dissolution principle [32,

33]. For the determination of core content, an accu-

rately weighed (W1) sample was crushed within a

mortar-pestle. The crushed microcapsules were then

mixed with methanol and stirred for 1 h using mag-

netic stirrer followed by filtration. The residue was

washed several times with methanol, dried in vacu-

um oven for 24 h and weighed (W2) until we got a

constant weight. The core content was calculated ac-

cording to Equation (2):

(2)

W1: initial weight of sample, W2: weight of sample

after extraction with methanol.

Optical micrographs of microcapsules were recorded

using OM with INSTEC HCS302 instrument at 50×

magnifications. OM was used to provide information

about the morphology. The morphology and shell
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Table 2. Experimental layout of the L25 OA, experimental results of core content and their respective SNR [dB]

Run

[Nos.]

Surfactant

concentration

[g]

Core-to-

shell ratio

[in moles]

Temperature

[°C]

Agitation

speed

[rpm]

Core content

[wt%]
SNR

[dB]
R1 R2 R3 Average

1 2.5 1:1 25 300 33.0 35.0 34.0 34.0 30.63

2 2.5 2:1 40 600 43.0 38.0 39.0 40.0 32.04

3 2.5 3:1 55 900 37.5 40.0 39.5 39.0 31.82

4 2.5 4:1 70 1200 29.0 27.0 28.0 28.0 28.94

5 2.5 5:1 85 1500 8.0 15.0 10.0 11.0 20.83

6 5.0 1:1 40 900 42.0 42.0 44.0 42.0 32.47

7 5.0 2:1 55 1200 41.0 43.0 45.0 43.0 32.67

8 5.0 3:1 70 1500 38.0 38.0 35.0 37.0 31.36

9 5.0 4:1 85 300 29.0 32.0 29.0 30.0 29.54

10 5.0 5:1 25 600 41.0 43.0 45.0 43.0 32.67

11 7.5 1:1 55 1500 37.0 40.0 46.0 41.0 32.26

12 7.5 2:1 70 300 46.0 54.0 56.0 52.0 34.32

13 7.5 3:1 85 600 38.0 49.0 48.0 45.0 33.06

14 7.5 4:1 25 900 45.0 51.0 51.0 49.0 33.80

15 7.5 5:1 40 1200 47.0 45.0 49.0 47.0 33.44

16 10.0 1:1 70 600 47.0 48.3 49.0 48.1 33.64

17 10.0 2:1 85 900 44.0 44.0 41.0 43.0 32.67

18 10.0 3:1 25 1200 52.0 55.0 49.0 52.0 34.32

19 10.0 4:1 40 1500 51.0 49.0 50.0 50.0 33.98

20 10.0 5:1 55 300 55.0 58.0 61.0 58.0 35.27

21 12.5 1:1 85 1200 32.0 30.0 34.0 32.0 30.10

22 12.5 2:1 25 1500 38.0 44.0 41.0 41.0 32.26

23 12.5 3:1 40 300 65.0 62.0 65.0 64.0 36.12

24 12.5 4:1 55 600 54.0 55.0 50.0 53.0 34.49

25 12.5 5:1 70 900 40.0 35.0 45.0 40.0 32.04



wall thickness of the prepared microcapsules were

also characterized by SEM using a Zeiss EVO 50

SEM machine at 20 kV. For this purpose, microcap-

sules were mounted on a carbon tape and coated with

gold prior to imaging. For shell wall thickness analy-

sis, known weights of microcapsules were homoge-

neously dispersed in the epoxy matrix. Furthermore

TEM with a Jeol 1400 machine was used to confirm

the core-shell morphology of prepared microcap-

sules.

In order to define the mean particle size and particle

size distribution of the prepared microcapsules SEM

images were used. For this purpose, 200 microcap-

sules were analyzed using ImageJ software and the

mean particle size is reported.

2.5. Contour plots

In this study, we drew contour plots of core content

to verify the results of Taguchi methodology. All con-

tour plots were drawn using Minitab 17 software.

Contour plots display a 3-dimensional relationship

in two dimensions, x and y parameters plotted on the

x and y scales and the response values represented

by contours (colour mapping). One can think of a

contour plot like a topographical map, in which the

darker regions indicate the higher quality [34].

3. Results and discussion

3.1. SNR analysis

The core content was measured for the twenty five ex-

periments and the average value of core content from

three replications was calculated and summarized in

Table 2. SNR were also calculated with Taguchi

method for the average value of core content using

larger – the-better criteria and also summarized in

Table 2.

The main effects plot was drawn for each parameter

at different levels by taking levels as x-coordinates

and SNR as y-coordinates. Figure 2a shows that the

main effects plot exhibiting the change in SNR for

the average core content from which the following

conclusions are drawn.

3.1.1. Effect of surfactant concentration on the

core content

Figure 2a shows that the SNR value increases as the

surfactant concentration increases. The surfactant acts

as a stabilizing agent for microparticles and at opti-

mum surfactant concentration, stable microparticles

are formed which might have resulted in high core

content of microcapsules and an increase in SNR

value. In contrast, at very high surfactant concentra-

tion the SNR decreases. Various studies showed that

very fine emulsions having smaller microcapsules

are obtained with increasing surfactant concentration

[35–37] which may be responsible for low core con-

tent of microcapsules and a decrease in SNR value.

3.1.2. Effect of core-to-shell ratio on the core

content

Figure 2a shows that the SNR value increases as the

core-to-shell ratio increases from 1:1 to 3:1 followed

by a decrease as we further increase the core-to-shell

ratio from 3:1 to 5:1. This has also been reported by

Li et al. [18] that at a very high core-to-shell ratio,

microcapsules shell wall thickness increases which

in-turn resulted in the low core content of microcap-

sules and thus a decrease in SNR value.
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Figure 2. (a) Main effect plots and (b) residual plots used for SNR



3.1.3. Effect of temperature on the core content

Figure 2a shows that the SNR value increases as the

temperature increases from 25 to 40°C followed by

a decrease as we further increase the temperature

from 40 to 85°C. In general, in solvent evaporation

method the quick evaporation of solvent significant-

ly affects the surface morphology of the microcap-

sules [20]. Hence, an increase in the reaction tem-

perature leads in the formation of deep pores on the

surface of microcapsules. Thus, formation of pores

might have resulted in low core content of microcap-

sules due to easy diffusion of core material and a de-

crease in SNR value.

3.1.4. Effect of agitation speed on the core

content

Figure 2a shows that the SNR value continuously

decreases as the agitation speed increases from 300

to 1200 rpm. It was reported earlier that the capsule

size and capsule shell wall thickness both decreased

with increasing agitation rates [38]. Hence, an in-

crease in the agitation speed might have resulted in

the unfilled broken microcapsules, which could be a

reason for low core content of microcapsules and a

decrease in SNR value.

Figure 2b shows the residual plots for SNR that are

drawn to examine the goodness of the data. From

residual plots, it is observed that the data are normal-

ly distributed in all plots.

3.2. Optimum levels

The response data obtained for SNR was analyzed

to optimize the optimum levels as summarized in

Table 3. A higher SNR value corresponds to a better

performance [29]. Therefore, the optimal level of the

process parameters is the level with the higher SNR

value such as: level-4 for surfactant concentration,

level-3 for core-to-shell ratio, level-2 for temperature

and level-1 for agitation speed.

3.3. ANOVA analysis

In this study, ANOVA is used to evaluate, which

process parameter significantly affects the core con-

tent property of microcapsules. Therefore, ANOVA

analysis was performed on the SNR data. The results

of ANOVA analysis are summarized in Table 4. From

ANOVA analysis it has been illustrated, that core
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Table 3. Response table for SNR larger-the-better

Level

Surfactant

concentration

[g]

Core-to-shell

ratio

[in moles]

Temperature

[°C]

Agitation

speed

[rpm]

1 28.85 31.82 32.74 33.18

2 31.74 32.79 33.61 33.18

3 33.38 33.34 33.30 32.56

4 33.98 32.15 32.06 31.90

5 33.00 30.85 29.24 30.14

Delta 5.12 2.49 4.37 3.04

Rank 1 4 2 3

Table 4. Results from ANOVA analysis

*Insignificant parameter

S = 1.134; R–Sq = 95.0%; R–Sq(adj) = 85%

Parameters
Degree of

freedom

Sum of

squares
Variance F-ratio P value Percentage contribution

Surfactant concentration 4 82.99 20.747 16.13 0.001 40

Core-to-shell ratio 4 18.08 4.520 3.52 0.061* 9

Temperature 4 61.29 15.322 11.92 0.002 30

Agitation speed 4 31.98 7.995 6.22 0.014 16

Residual error 8 10.29 1.286 5

Total 24 204.62 100

Figure 3. Contribution percentage of each parameter to the

response core content



content of microcapsules are significantly affected

by these three parameters in the following order: sur-

factant concentration (40%) > temperature (30%) >

agitation speed (16%). The contribution percentage

of all parameters is presented in Figure 3. This analy-

sis is based on the higher values of F ratio and lower

values of P [29, 30]. Hence, on the basis of ANOVA

analysis, surfactant concentration is considered as

the most significant process parameter in controlling

the core content of PMMA microcapsules. This may

be attributed to the fact, that the presence of surfac-

tant in the preparation of microcapsules may be re-

sponsible to produce a uniform protective layer

around the epoxy droplets, which could be respon-

sible for better stability of microcapsules. Thus, with

the increase of surfactant concentration the core con-

tent significantly increased.

On the other hand, core-to-shell ratio was least ef-

fective parameter (contributing only 9%) among all

or one can say insignificant parameter in controlling

the core content of PMMA microcapsules.

R–Sq = 95.0% indicated that the ANOVA analysis

was able to predict the response with high accuracy.

3.4. Confirmatory experiments for optimal

conditions

Confirmatory experiments were performed using op-

timum process of parameter. The average value of

three experimental results of the confirmatory exper-

iments is summarized in Table 5. It is important to

mention here that predicted mean value (as shown

in Table 5) was calculated using Minitab 17 soft-

ware. The experimental results correspond closely

with the predicted result (error between the predicted
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Table 5. Results of the confirmatory experiments

Input parameters
Output response core content

[wt%]

Surfactant

concentration

[g]

Core-to-shell ratio

[in mole]

Temperature

[°C]

Agitation

speed

[rpm]

Prediction Experimental Error

10 3:1 40 300 66.36 63.53 2.83%

Figure 4. Images of microcapsules prepared under optimum conditions (a) OM micrograph of microcapsules at 50× magni-

fication, (b) SEM micrographs of microcapsules at 1000× and 5000× magnifications and (c) TEM micrographs of

microcapsules at 500× and 2000× magnifications



and actual result is less than 3%). Therefore, the

Taguchi method is found effective for the optimiza-

tion of process parameter for the preparation of

PMMA microcapsules.

3.5. Characterizations of microcapsules

Figure 4 shows the morphology of epoxy loaded

PMMA microcapsules prepared under optimum

conditions. The OM and SEM micrographs of micro-

capsules are presented in Figure 4a and 4b. All mi-

crographs showed free flowing, spherical microcap-

sules with distinct shell wall morphology. From SEM

micrographs it is confirmed, that all microcapsules

have smooth surface morphology. The TEM micro-

graphs further confirmed the presence of well de-

fined core and shell structures as presented in Fig-

ure 4c. The epoxy is seen as lighter density core which

is surrounded by a dense PMMA polymer shell. The

morphological results in the present study indicate a

much better surface morphology of PMMA micro-

capsules when compared with those reported by

Ahangaran et al. [21].

Figure 5 shows the shell wall thickness analysis of

epoxy loaded PMMA microcapsules prepared under

optimum conditions. The shell wall thickness of the

prepared microcapsules was characterized by the

SEM image of fracture surface of microcapsules em-

bedded in epoxy matrix. The microcapsules were ho-

mogeneously dispersed in the epoxy matrix. For this

purpose, epoxy matrix was cryogenically fractured

prior to imaging. Figure 5 further confirmed the core

and shell structures in the prepared microcapsules

with shell wall thickness of 1.1–1.28 µm [38].

The mean particle size and particle size distribution

of epoxy loaded PMMA microcapsules prepared

under optimum conditions is presented in Figure 6.

The average particle size of microcapsules ana-

lyzed by ImageJ software was 82 µm. The peak

width of particle size distribution fell in the range

of 1–300 µm which is quite suitable for self-healing

of material. The particle size for microcapsules re-

quired for applications in the development of self-

healing polymeric composites reported in the litera-

ture lies in the range of 63 to 150 µm [39].

From these studies it can be concluded that, the op-

timum process conditions for the preparation of mi-

crocapsules are: 10 wt% surfactant concentration,

3:1 core-to-shell ratio (moles), 40°C temperature and

300 rpm agitation speed.
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Figure 5. Shell wall thickness analysis of microcapsules prepared under optimum conditions at 500× and 2000× magnifica-

tions

Figure 6. Particle size and particle size distribution of epoxy

loaded PMMA microcapsules prepared under op-

timum conditions



3.6. Contour plots

There are four parameters used in this study such as

surfactant concentration, core-to-shell ratio, temper-

ature and agitation speed. SNR and ANOVA analysis

show that in order to improve the core content of mi-

crocapsules the best contributing parameters are sur-

factant concentration, temperature and agitation

speed. Therefore, contour plotting is done between

these parameters to see how the core content relates

to the two parameters at a time. The analysis of con-

tour plots is as follows:

3.6.1. Surfactant concentration–temperature

Figure 7a indicates that how parameters surfactant

concentration and temperature are related to the core

content while the third parameter i.e. agitation speed
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Figure 7. (a) Contour plot of core content  vs. surfactant concentration and temperature parameter, (b) SEM micrograph of

experimental run no. 5 and its zoomed image (arrows show the presence of pores on the surface of microcapsules)

and (c) SEM micrograph of experimental run no. 23 and its zoomed image



is held constant. The analysis of plot shows that at

lower level of surfactant concentration and at higher

level of temperature core content can be low for ex-

ample experimental run no. 5 resulted only in 11 wt%

core content. This may be due to the fact that, under

these conditions microcapsules prepared with porous

surface morphology as presented in Figure 7b which

could be a reason for low core content. On the other

hand, at higher level of surfactant concentration and

at lower level of temperature core content can be

high for example experimental run no. 23 resulted

in 64 wt% core content. This may be due to the fact

that under these conditions microcapsules prepared

with non-porous, smooth surface morphology as pre-

sented in Figure 7c  which could be a reason for high

core content. Hence, the response is at its highest

(greater than 60%) at the darkest region of the plot

(upper right side).

3.6.2. Surfactant concentration–agitation speed

Figure 8a indicates that how parameters surfactant

concentration and agitation speed are related to the

core content while the third parameter i.e. tempera-

ture is held constant. The analysis of plot shows that

at lower level of surfactant concentration and at higher

level of agitation speed core content can be low for

example experimental run no. 4 resulted only in

28 wt% core content. This may be due to the fact that,

under high agitation speed the shear forces would

overcome the interfacial tension forces which may

be resulted in the preparation of very tiny and unen-

capsulated microcapsules morphology as presented

in Figure 8b which could be a reason of low core

content. This has already been reported that under

lower agitation speed the microcapsules shell wall

could be formed more homogeneously [40] with un-

broken morphology as presented in Figure 8c which
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Figure 8. (a) Contour plot of core content vs. surfactant concentration and agitation speed parameter, (b) SEM micrograph

of experimental run no. 4 (arrows show the presence of broken morphology) and (c) SEM micrograph of experi-

mental run no. 23



could be a reason for high core content [for example

experimental run no. 23 resulted in 64 wt% core

content]. Hence, the response is at its highest (greater

than 60%) at the darkest region of the plot (upper

right corner).

3.6.3. Temperature–agitation speed

Figure 9a indicates that how parameters temperature

and agitation speed are related to the core content

while the third parameter i.e. surfactant concentra-

tion is kept constant. The analysis of plot shows that

at higher levels of temperature and agitation speed

core content can be low (for example experimental

run no. 21 resulted only in 32 wt% core content).

This may be due to the fact that under these condi-

tions microcapsules prepared with unfilled broken

morphology as presented in Figure 9b which could

be a reason for low core content. On the other hand,

at lower levels of temperature and agitation speed

core content can be high [for example experimental

run no. 23 resulted in 64 wt% core content]. This may

be due to the fact that, under these conditions micro-

capsules prepared with unbroken morphology as

presented in Figure 9c which could be a reason for

high core content. Hence, the response is at its high-

est (greater than 60%) at the darkest region of the

plot (lower right side).

From all contour plots analysis, it is confirmed that

process parameters such as (surfactant concentra-

tion = 12.5 wt%, core to shell ratio =3:1 mole ratio,

temperature = 40°C and agitation speed = 300 rpm)

used in experimental run no. 23 resulted in the for-

mation of microcapsules with high core content.

From this comparative study it is concluded that, re-

sults obtained from contour plots analysis agreed well

with results of Taguchi findings.
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Figure 9. (a) Contour plot of core content vs. temperature and agitation speed parameter, (b) SEM micrograph of experimental

run no. 21 (arrows show the presence of broken morphology) and (c) SEM micrograph of experimental run no. 23



Therefore, from this study it is concluded that the

highest core content (63.53%) could be achieved in

epoxy loaded PMMA microcapsules prepared using

Taguchi method optimization process parameter

conditions which is much higher as compared to pre-

viously reported literatures (54%) [19, 21].

4. Conclusions

From this study, the following conclusions can be

drawn.

• Statistically designed experiments based on

Taguchi methodology were successfully per-

formed using L25 orthogonal array to analyze the

core content as a response variable.

• Predicted core content (66.36 wt%) determined

using Taguchi optimization method i.e. 10 wt%

surfactant concentration, 3:1 core-to-shell ratio [in

moles], 40°C temperature  and 300 rpm agitation

speed agrees well with the experimental value

(63.53 wt%).

• ANOVA analysis confirmed that among the var-

ious parameters investigated, surfactant concen-

tration plays a significant role in controlling the

core content of PMMA microcapsules.

• The microcapsules morphology was examined

using OM, SEM and TEM which confirmed that

free flowing, smooth surface microcapsules can

be prepared by solvent evaporation method hav-

ing core/shell morphology.

• Contour plots with significant parameters agreed

well with Taguchi/ANOVA analysis.

For future perspectives authors would like to acknowl-

edge the use of hollow glass fibers as an ideal medium

for storing high amount of healing components togeth-

er with exploring them as structural reinforcing agents

in advanced epoxy composite structures.
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