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1. Introduction 

 
Due to their exceptional specific mechanical  properties 

compared to conventional materials, polymer matrix 
composites have become highly utilized in great industries 
like aerospace, energy, automotive and offshore structures 
(Drenchev and Sobczak 2014, Andersson et al. 2007). In 
spite of using polymers as a higher performance matrix in 
composites, damages including matrix cracking and 
microcracking can be of significant detriment to 
performance during their action in structural applications 
(Bolimowski et al. 2016, Omosola et al. 2015). Micro-
cracks occur very often within a structure and then 
propagate through the material and ultimately leading to 
premature failure. Self-healing materials have attracted 
great attention in polymer composites where they can repair 
microcracks independently. This repair takes place with no 
detection techniques or a particular manual intervention 
through a range of approaches (Hillewaere and Du Prez 
2015, Wang et al. 2015, Urdl et al. 2017, Zhai et al. 2020), 
including embedding microcapsules (Zhu et al. 2015, 
Sharma et al. 2018, Taheri et al. 2020, Sun et al. 2019), 
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hollow fibers (Kousourakis and Mouritz 2010, Trask and 
Bond 2006) and microvascular networks (Luterbacher et al. 
2016, Omosola et al. 2014) filled with healing agents. It is 
expected that durability, safety, and reliability of materials 
will improve through self-healing, while the cost associated 
with repair and maintenance will decrease, leading to long-
lived materials (Wang et al. 2015, Souzandeh and Netravali 
2019). In the encapsulation-based healing system, dispersed 
microcapsules are ruptured by a propagating crack to 
release the healing agent and react with the crack surface to 
heal the damaged region (Blaiszik et al. 2010). 

Being widely acknowledged as one of the most popular 
techniques, encapsulation of healing agents is classified in 
various types, including single capsules and double-
capsules, depending on the encapsulation of healing agents 
and curing agents in the same or separate capsules, 
respectively. Several studies have been conducted to utilize 
the double-capsule system. Ahangaran et al. (2016, 2017a, 
b) investigated microencapsulation of low viscosity epoxy 
resin healing agent along with mercaptan curing agent in 
PMMA wall material and prepared self-healing epoxy 
composite. Yuan et al. (2008, 2009) developed epoxy/ 
mercaptan microcapsules as a two-component healing agent 
utilizing poly (melamine-formaldehyde) (PMF) shell. They 
embedded the capsules in the epoxy matrix and evaluated 
the repair effectiveness of agents. The self-healing 
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Abstract.  In this study, the effect of agitation speed as a key process parameter on the morphology and particle size of epoxy-
Poly (methyl methacrylate) (PMMA) microcapsules was investigated. Thus, a new interpretation is presented to relate between 
the microcapsule size to rotational speed so as to predict the particle size at different agitation speeds from the initial capsule 
size.  The PMMA shell capsules containing EC 157 epoxy and hardener as healing materials were fabricated through the internal 
phase separation method. The process was performed at 600 and 1000 rpm mechanical mixing rates. Scanning electron 
microscopy (SEM) revealed the formation of spherical microcapsules with smooth surfaces. According to static light scattering 
(SLS) results, the average diameter size of the epoxy/PMMA capsules at two mixing rates were 7.49 and 5.11 µm for 600 and 
1000 rpm, respectively, indicating that the mean size increased as the mixing rates of the process increased. The D50, D90 and 
mean particle size values were the lowest for hardener/PMMA microcapsules at 1000 rpm. Moreover, the Fourier transform 
infrared (FTIR) spectroscopy was conducted to describe the chemical structure of epoxy and hardener PMMA capsules. To 
investigate the reinforcing role of microcapsules, they embedded in EPL-1012 epoxy resin with various amounts of 1 and 2.5 
wt.% epoxy/PMMA capsules. The investigation also involved the effect of microcapsules on mechanical behavior as well as the 
reinforcement of polymer composite material. Experimental results showed that the tensile strength of the self-healing polymer 
composite slightly increased by 1 wt.% PMMA microcapsules prepared at 1000 rpm and then reduced with an increase in the 
concentration and mean size diameter of PMMA microcapsules. In addition, a similar trend of Young’s modulus was seen for 
pristine epoxy matrix and microcapsule-loaded epoxy composite. 
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performance of the polymer composite using diglycidyl 
ether of bisphenol A type epoxy and polyether-amine 
hardener as the core materials with PMMA shell material is 
reported by Li et al. (2013a). 

The main process parameters of microencapsulation 
using the solvent evaporation technique are; viscosity of 
healing agents, polymer molecular weight, core/shell ratio, 
polymer concentration, dispersion rate, mechanical mixing 
speed, etc. (Zhu et al. 2015, Ahangaran et al. 2017b, Li et 
al. 2013a). Recent research on certain factors is reviewed 
herein. Due to the strong shear force under a high mixing 
rate, the mean diameter of microcapsules diminishes with 
an increase in agitation speed (Li et al. 2013a). Moreover, 
the higher core/shell ratio results in the formation of 
imperfect capsules during the microencapsulation process. 
The polymer molecular weight of shell material affects the 
surface morphology of microcapsules. In fact, the high 
molecular weight can develop spherical and almost 
monodisperse micelles with high aggregation (Ahangaran et 
al. 2016). As an indicator of the effect of these factors, the 
mechanical behavior of the microcapsules containing the 
healing agent through the matrix polymer is evaluated (Hu 
et al. 2020, Kosarli et al. 2019, He et al. 2019). 

The self-healing performance and mechanical behavior 
of epoxy composites have been studied from various 
aspects. Wang et al. (Wang et al. 2010, Li et al. 2008) found 
the influence of interfacial adhesion and surface 
morphology between the epoxy matrix and microcapsule 
shell on improving tensile and impact resistance strength of 
self-healing composite. Lee et al. (2012) studied the 
micromechanical behavior of epoxy and mercaptan 
containing microcapsules in poly(melamine-formaldehyde) 
(PMF) shell through nanoindentation. The healing 
efficiency of dual-components PMMA microcapsules with 
various amounts of capsules was investigated on the tapered 
double cantilever beam (TDCB) specimens by Li et al. 
(2013b) who achieved 84.5% healing efficiency with 15 
wt.% microcapsules. Kim et al. (2019) reported the self-
healing of fatigue damage in unidirectional glass/epoxy 
laminated composites with embedded microcapsules. 
Ahangaran et al. (2019) evaluated the tensile strength and 
elastic modulus of the microcapsule-loaded epoxy 
composite. 

The present study examines the effect of a two-
component healing agent system, including low viscosity 
epoxy as the polymerizable healing agent and hardener as 

 
 

the curing agent on EPL-1012 matrix polymer. Despite 
investigating different chemical and physical parameters in 
previous studies on PMMA microcapsules (Ahangaran et 
al. 2016), a new relationship was proposed to predict 
capsule size at different rotational speeds in this study. 
Therefore, epoxy/hardener in a PMMA shell with higher 
molecular weight was encapsulated by the solvent 
evaporation method first, and then microcapsules formation 
was characterized. The mechanical behavior of epoxy 
composite via microencapsulated EC 157 epoxy resin and 
W 152 MLR hardener in PMMA shell has not been studied 
in the literature. Thus, the reinforcing role of microcapsules 
with different capsule sizes and various amounts of the 
intended microcapsules through the matrix polymer was 
evaluated. 

 
 

2. Materials and experiments 
 
2.1 Materials 
 
EPL-1012 bisphenol F type epoxy resin and EPH-112 

(amine base) hardener with the weight ratio of 100/12 were 
used as the matrix polymer. As a healing agent for 
microencapsulation, low viscosity EC 157 epoxy polymer 
and corresponding hardener containing a mixture of amines 
(W 152 MLR) obtained from Elantas Co., Italy were used. 
The EC 157 composition was 30–50% bisphenol F 
diglycidyl ether (DGEBF), 30–50% bisphenol A diglycidyl 
ether (DGEBA), 20–30% 1,6-bis (2,3-epoxypropoxy) 
hexane and < 5% propylene carbonate. The molecular 
structure of components in epoxy mixture and hardener are 
indicated in Fig. 1. The viscosity of epoxy, hardener, and 
the healing agents are listed in Table 1. PMMA, with the 
molecular weight of 140,000 g/mol, was purchased from 
LG Co., Korea as the capsule wall material. 
Dichloromethane (DCM) and sodium dodecyl sulfate (SDS) 
were obtained as a solvent and as an emulsifier from Merck 
Co., Germany, respectively. The materials were used as 
received. 

 
2.2 Microcapsule and epoxy-based composite 

preparation 
 
Due to the ease of capsule fabrication of hydrophobic 

materials and obtaining better surface morphology, the 

Fig. 1 Molecular structure of components in epoxy mixture (a) and the main component of hardener (b)
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Table 1 The viscosity of epoxy, hardener and healing agents  
(factory datasheet) 

Material Viscosity at 25°C (mPa.s) 
EPL 1012 900-1100 
EPH 112 30 
EC 157 500-600 

W 152 MLR 5-20 
 

 
 

phase separation technique was conducted for encapsulation 
of epoxy (EC 157) and hardener (W 152 MLR) as the core 
materials and PMMA as the capsule wall (Bekas et al. 
2016). The one-to-one ratio of EC 157 (0.5 g) and PMMA 
(0.5 g) were poured separately into 30 ml DCM. 
Afterwards, the mixed oil phase was distributed dropwise 
into 50 ml of 1 wt.% aqueous SDS solution under 600 and 
1000 rpm mixing rates for one hour at ambient temperature 
to achieve an oil/water emulsion. Thereafter, the resultant 
emulsion became poured into 100 ml of 1 wt.% emulsifier 
solution under continuous auto-mechanical mixing. Finally, 
the emulsion was stirred in a magnetic stirrer at ambient 
temperature to evaporate dichloromethane and obtain 
PMMA capsules. The microcapsules became filtered, 
washed several times with deionized water and then dried at 
ambient temperature. Similarly, the above process was used 
for the preparation of the hardener/PMMA capsule. Finally, 
the yield of microencapsulation was measured according to 
the following formulation by determining and specifying 
the ratio of the gathered capsules weight, w, to the total 
weight of the core material contents (wcore) and PMMA 
shell contents (wshell) (Navarchian et al. 2019) 

 𝛼 = ൤ 𝑤𝑤௖௢௥௘ + 𝑤௦ℎ௘௟௟൨ × 100% (1)

 
2.3 Characterization 
 
The chemical structures of PMMA as wall material, EC 

157 and W 152 MLR as core materials were characterized 
using FTIR spectroscopy. The measurements were 
performed with Jasco equipment (6300 model) in the 
wavenumber span of 500-4000 cm-1 with a resolution of 4 
cm-1. The core content of the prepared microcapsules was 

 
 

determined using thermogravimetric analysis (TGA) 
instrument (Rheometric Scientific STA 1500, USA) under 
nitrogen atmosphere and with heating rate of 10°C min-1. 
The morphology examination of capsules was conducted by 
optical microscopy (Olympus, Japan) and scanning electron 
microscopy (SEM, VEGA\\TESCAN, Czech Republic) at 
15.0 kV. The particle size distribution of oil/water emulsion 
of healing agent microcapsules was measured using static 
light scattering (SLS, Malvern Instruments Ltd, UK). The 
instrument was able to detect droplets ranging from 0.02 
μm to 1000 μm. 

 
2.4 Mechanical testing of self-healing epoxy 

composite 
 
In order to investigate the reinforcing role of 

microcapsules and interface bonding of capsule shell and 
matrix, PMMA microcapsules containing EC 157 and W 
152 MLR with a constant weight ratio of 1:1 were 
embedded in EPL-1012 epoxy resin and EPH-112 hardener 
as a matrix polymer. After degassing, the pristine epoxy and 
self-healing epoxy composite containing 1 and 2.5 wt.% of 
PMMA microcapsules were poured into the mold. The 
dumbbell shape specimens with a 50 mm gauge length were 
prepared following the ASTM D638 (2014), type I 
specimen standard. The samples were cured for one day at 
ambient temperature and post-cured at 90 °C for two hours. 
The tensile tests were conducted with a speed of 1 mm/min 
at ambient temperature with a servo-controlled tensile 
machine. An extensometer was attached to the gauge 
section of all specimens and the tests were performed in a 
strain-controlled mode. The general view of tensile 
specimen mold and test setup are shown in Fig. 2. 

 
 

3. Results and discussion 
 
In this section, the chemical structure of PMMA 

microcapsules and successful microencapsulation are 
evaluated first and then the morphology and particle size 
distribution of microcapsule are explained. Finally,  the 
mechanical behavior of the microcapsules through the 
matrix polymer is discussed. 

 
 
 
 

 
Fig. 2 The general view of tensile specimen mold (a) and test setup (b) 
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3.1 Characteristics of epoxy and hardener PMMA 

microcapsules 
 
The FTIR spectra of PMMA, epoxy and epoxy/PMMA 

microcapsules are depicted in Fig. 3(a). The FTIR spectrum 
of EC 157 reveals a stretching absorption peak of C-O-C at 
832 cm-1. Moreover, the absorption peaks at 915, 1243 cm-1 
and also the C-O deformation band stretching vibration of 
the oxirane group are related to one another, in a respective 
manner (Ahangaran et al. 2019). The absorption peaks at 
2869 and 2997 cm-1 are assigned to the stretching vibrations 
of the C-H band in aliphatic and aromatic rings of the epoxy 
chemical structure, respectively. The broad absorption 
peaks at 3500 cm-1 denote the -OH stretching vibration 
(Theophile 2012). 

 

 
 
An absorption peak at 1160 cm-1 is demonstrated by the 

FTIR spectrum of the PMMA shell material, i.e., it relates 
to the C-H band of -COOCH3 group (Duan et al. 2008). The 
distinctive peak at a wavenumber of 1199 cm-1 and 
stretching peak at 1231 cm-1 are related to the O-CH3 band 
and C-O-C group, respectively. Furthermore, owing to the 
presence of the C=O group, the stretching peak appears at 
1774 cm-1. There are symmetric and asymmetric stretching 
vibrations of the C-H band in the neat PMMA shown at 
2874 and 2969 cm-1, respectively (Suryanarayana et al. 
2008). The entire characteristic peaks of both epoxy and 
PMMA appearing on the FTIR spectrum of EC 157/PMMA 
microcapsules confirm successful encapsulation. 

 In Fig. 3(b), the FTIR spectrum of hardener shows the 
plane bending of N-H at 830 cm-1, bending modes of CH2 at 

 
 

Fig. 3 FTIR spectra of (a) EC 157, PMMA and epoxy microcapsules; and (b) W 152 MLR, PMMA and hardener 
microcapsules 

  
 

  
Fig. 4 SEM micrographs of the epoxy- and hardener-contained microcapsules for the mechanical mixing rate of 

(a)-(b) 1000 rpm and (c)-(d) 600 rpm, respectively
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1460 cm-1, and broad absorption peak of N-H band at 1590 
cm-1 (Li et al. 2013a). The stretching vibration peaks at 
2899 and 2953 cm-1 represent the C-H band in the hardener 
structure. The peaks at 3287 and 3362 cm-1 are due to the 
O-H and N-H stretching bonds 3362 cm-1 are due to the O-
H and N-H stretching bonds, respectively. The spectrum of 
the hardener/PMMA capsules underwent all the 
characteristic peaks of hardener and PMMA. This indicates 
the possible formation of hardener microcapsules, though 
further evidence is necessary to show the exact morphology. 

 
3.2 Morphology of prepared PMMA microcapsules 

and size distribution 
 
The SEM micrographs of the EC 157/PMMA and W 

152 MLR /PMMA microcapsules at two different 
mechanical mixing rates of 1000 and 600 rpm are illustrated 
in Fig. 4. Under all conditions, the spherical shape and 
smooth surface morphology of capsules with similar 
morphology to those reported in the literature are formed 
(Sharma et al. 2018, Navarchian et al. 2019, Ullah et al. 
2016). Regarding the geometrical form of the 
microcapsules, the majority of encapsulation techniques 
provide the synthesis of spherical microcapsules (Zhu et al. 
2015). 

Fig. 5 shows particle size distribution using static light 
scattering (SLS) of (a) epoxy and (b) hardener PMMA 
microcapsules for 1000 and 600 rpm mechanical mixing 
rate. The epoxy/PMMA emulsion at 1000 rpm exhibited the 
broader size distribution in comparison to the similar 
emulsion at 600 rpm (Figs. 4(a), (c)). The emulsion 
containing hardener/PMMA microcapsules at 1000 rpm 
showed narrower particle size distribution than hardener/ 
PMMA emulsions at 600 rpm (Fig. 4(b), (d)). Moreover, the 
peak height was more significant compared to the emulsion 
at 600 rpm. 

In order to determine the average shell thickness of the 
PMMA microcapsules, a rational method between the 
volume fractions of core/shell material, mean core content, 
and mean diameter of microcapsules was employed. The 
total volume of capsule includes the volume of shell and 
core content i.e. 

 
 𝑉௧௢௧௔௟ = 𝑉௦ℎ௘௟௟ + 𝑉௖௢௥௘ (2)
 
 

which can be written as 
 𝑉௧௢௧௔௟ = 𝑉௦ℎ௘௟௟ + 𝑣஼𝑉௧௢௧௔௟ (3)
 

where 𝑣௖ is volume fraction (vol%.) of core content. For a 
two-component substance with different density values, the 
following relation is used to calculate volume fraction from 
weight fraction 

 𝑣௖ = 11 + ఘ೎ఘೞ ቀ ଵ௪೎ − 1ቁ × 100 (4)

 
where 𝜌௖, 𝜌௦ and 𝑤௖ are core density (EC 157:1.15 g/cm3 
and W 152 ML:0.95 g/cm3), shell density (1.18 g/cm3) and 
core content weight fraction, respectively. The weight 
fraction of core content is obtained from TGA analysis. 
According to the spherical shape of microcapsules (𝑉 =ସଷ 𝜋𝑅ଷ) , and performing a few simple mathematical 
operations on Eq. (3), the following equation can be 
determined 

 𝑅௜௡௧ = ට𝑣௖𝑅௘௫௧ଷయ
 (5)

 
where 𝑅௜௡௧ and 𝑅௘௫௧ are the mean internal and external 
capsule radius, respectively. Therefore, the average shell 
thickness of microcapsules is obtained by difference of 
internal and external radiuses. 

The mean size values of D10, D50, and D90, core content, 
shell thickness, and yield of microencapsulation at different 
circumstances are presented in Table 2. It should be noted 
that the Dx diameter is the particle diameter amounting to 
x% cumulative undersize particle size distribution. The 
yield of microencapsulated healing agents was obtained in 
the range of 72-78% and 67-70% for epoxy and hardener 
microcapsules, respectively. The results show that the yield 
of healing agent capsules increased as the mechanical 
mixing rate decreased. The increase in yield could be 

Fig. 5 Particle size distribution measured by SLS of the (a) epoxy and (b) hardener with PMMA shell for 1000 and 
600 rpm mechanical mixing rate 
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related to the increasing mean particle size of the emulsion 
prepared by SDS as an emulsifier, leading to more efficient 
separation and collection of resultant capsules (Ahangaran 
et al. 2016).  The D50, D90 and average particle size values 
were the lowest for hardener/PMMA microcapsules at 1000 
rpm. From D50 and D90 values, it can be deduced that 
emulsion made with epoxy/PMMA microcapsules at 600 
rpm had 50% of droplets below 7.35 µm and 90% of 
droplets below 12.76 µm, which were the largest table 
values. The average diameter size of the epoxy/PMMA 
microcapsules were 7.49 and 5.11 µm for 600 and 1000 
rpm, respectively, indicating lower mixing rate and higher 
mean size values of microcapsules. In a similar trend, the 
average particle sizes for the hardener/PMMA 
microcapsules were 5.67 and 4.09 µm for 600 and 1000 
rpm, respectively. Navarchian et al. (2019) prepared single 
PMMA microencapsulated linseed oil at three different 
mixing speeds of 1000, 600 and 300 rpm. The mean particle 
size of the capsules was in the range of 2.6, 5.45 and 
11.65µm for 1000, 600, and 300 rpm, respectively. Further, 
Li et al. (2013a) reported that the average diameter size of 
microcapsules diminishes with a rise in the mixing rate. In 
fact, an increased mechanical mixing speed caused the 
shear forces to overcome the interfacial tension forces as 
well as the very fine droplets from the capsules (Ullah et al. 
2016, Tong et al. 2010). The various elements, including the 
hydrodynamic condition and the physical chemistry of 
core/shell material, could be affected in the produced 
capsules size (Sun et al. 2020, Yan et al. 2019). 

In order to evaluate agitation speed as a key process 
parameter on the particle size of microcapsules, an analogy 
between a system of rotational rheometer and propeller 
blades of mechanical mixing was made. Shear rates for 
rotational rheometer were defined as in the following 
equations (Schramm 1994) 

 𝛾ሶ = 1𝑡𝑎𝑛 𝛼 ⋅ 𝛺(𝑠ିଵ) (6)

 
where 𝛼 is the cone angle of rheometer, which can be 
equivalent to the propeller blade angle and Ω is the angular 
velocity of the rotor that is corresponding to the angular 
velocity of blades, as determined 

 𝛺 = 2𝜋 ⋅ 𝑛60 ൬𝑟𝑎𝑑𝑠 ൰ (7)

 
where 𝑛 is the rotor speed that is equal to the agitation 
speed. The comparison between two mechanical mixing 
rates leads to the following relation 

 
 𝛾ሶଵ଴଴଴௥௣௠𝛾ሶ଺଴଴௥௣௠ = 𝑛ଵ଴଴଴௥௣௠𝑛଺଴଴௥௣௠  (8)

 
According to the experimental results, the mean size 

diameter of microcapsules (𝐷)  has an antagonistic 
relationship with agitation speed. Therefore, it can be 
defined 

 𝐷ଵ଴଴଴௥௣௠𝐷଺଴଴௥௣௠ = 𝑓(𝜂, 𝑀ఔ, 𝑅, 𝑇, 𝑡, . . . ) 𝛾ሶ଺଴଴௥௣௠𝛾ሶଵ଴଴଴௥௣௠= 𝑓(𝜂, 𝑀ఔ, 𝑅, 𝑇, 𝑡, . . . ) 𝑛଺଴଴௥௣௠𝑛ଵ଴଴଴௥௣௠ 
(9)

 
In this equation, 𝑓  is considered as a function 

depending on various factors such as material properties of 
core/shell polymer containing viscosity (𝜂) , molecular 
weight (𝑀௩) , etc and processing parameters such as 
core/shell ratio (R), Temperature (T), time (t), and also 
uncertainties. 

Due to the identical material properties and assuming 
the exact processing parameters during capsule preparation 
(epoxy or hardener), all factors became equal and the above 
equation can be written as 

 𝐷ଵ଴଴଴ ௥௣௠𝐷଺଴଴ ௥௣௠ ≃ 𝑛଺଴଴ ௥௣௠𝑛ଵ଴଴଴ ௥௣௠ (10)

 
which this can be simplified 

 𝐷ଶ ≃ 𝐷ଵ𝑛ଵ𝑛ଶ = 𝐷ଵ𝑛ଵ𝑥ିଵ (11)

 
Fig. 6 depicts the effect of the rotational speed on the 

mean size diameter of three types of microcapsules. In this 
figure, the experimental values were plotted versus the 
predicted values, which obtained from the above 
relationship (11). The average diameter size of PMMA/Lo, 
composite microcapsules (CM), and Urea-Formaldehyde 
(UF)/epoxy microcapsules were reported in the range of 
2.6-11.65, 35-154 and 64–411 µm, respectively (Kosarli et 
al. 2019, Navarchian et al. 2019, Sun et al. 2020). The 
comparison of the experimental values and analogy relation 
values (Eq. (11)) indicated the same trend of reduction in 
capsule size as the mixing rate increased. 

The difference between the data can be attributed to the 
unintended changes in the encapsulation process conditions 
and uncertainties. For obtaining a more precise relationship, 
the curve-fitting is done on the experimental values using 
the curve-fitting tool of MATLAB software and the best one 

Table 2 The measured parameters of epoxy/PMMA and hardener/PMMA microcapsules 

Sample Mixing rates
(rpm) 

Yield 
(%) 

D10 
(μm) 

D50 
(μm) 

D90 
(μm) 

Mean size
(μm) 

Core content 
(wt.%) 

Shell thickness 
(μm) 

EC 157/PMMA 
EC 157/PMMA 

1000 72 1.48 5.01 9.15 5.11 62 0.73 
600 78 2.25 7.35 12.76 7.49 51 1.48 

hardener/PMMA 
hardener/PMMA 

1000 67 1.83 4.03 7.76 4.09 80 0.24 
600 70 1.30 4.06 10.24 5.67 68 0.57 
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Fig. 6 Comparison of mean size diameter of the 
experimental values and predicted values of 
analogy relation and modified analogy relation

 
 

is selected with R2 above 0.98 through the following 
equation 𝑦 = 𝑎𝑥ିଵ + 𝑏 (12)

 
Therefore, the modified relationship is recommended as 

follows 𝑦 = 𝛽𝐷ଵ𝑛ଵ𝑥ିଵ + 𝑏 (13)
 

where β is a correction coefficient, suggested as 1.12 and b 
is the offset between the value obtained from the equation 
and the experimental value at the initial point 

 𝑏 = 𝐷ଵ(1 − 𝛽) = −0.12𝐷ଵ (14)
 
The modified curves are also shown in Fig. 6. 

Therefore, the particle size in different agitation speeds 
could be predicted from the initial microcapsule size using 
the two aforementioned equations. Accordingly, based on 
the mean size diameter of the epoxy and hardener 

 
 

Fig. 7 Engineering tensile stress-strain curves of pure 
epoxy and epoxy composites samples 
containing various microcapsule content

 
 

microcapsules for 600 rpm, it is expected to achieve 4.5 and 
3.5 µm for 1000 rpm. However, there is an almost 13% 
difference between the actual data and the analogy 
relationship values. To further investigate the analogy 
relationship, more data at different mixing rates are needed. 

 
3.3 The reinforcing role of healing microcapsules 
 
To evaluate the effect of microencapsulated dual-

component healing agents on the mechanical behavior of 
self-healing composites, the tensile tests were performed on 
the specimens filled with dual-component microcapsules. 
Besides, the influence of capsule size produced by 1000 and 
600 rpm mixing rate and various amounts of 1 and 2.5 wt.% 
of EC 157- and W 152 MLR-loaded PMMA microcapsules 
were investigated. According to the earlier research 
(Ahangaran et al. 2019), the tensile strength (TS) of pristine 
epoxy decreased with increasing the incorporation of 
PMMA capsules ranging from 2.5 to 10 wt.% . That is why 
the lower amounts of microcapsules are selected in this 
study. Fig. 7 illustrates the tensile engineering stress-strain 
test plots of pristine epoxy matrix and self-healing epoxy 

 
 

Fig. 8 (a) Tensile strengths and (b) Young’s modulus of the epoxy-based self-healing composites at different test 
conditions of pure epoxy (0), 1 and 2.5 wt.% of microcapsule content at 1000 rpm (1,2) and 1 and 2.5 wt.% of 
microcapsule content at 600 rpm (3,4) 
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composite at room temperature. The tensile strength of the 
dual-component PMMA microcapsules embedded epoxy 
matrix with 1 wt.% of PMMA microcapsules content at 
1000 rpm shows a limited increase in comparison to the 
virgin epoxy matrix. On the contrary, the TS is dropped in 
the specimens with 2.5 wt.% of microcapsules. At 600 rpm 
mixing rate, the tensile strength of both 1 and 2.5 wt.% self-
healing microcapsule-loaded epoxy system decreased as 
compared with the pure epoxy matrix by about 5 and 8 
MPa, respectively (Fig. 8(a)). This could be related to the 
increase in the mean size diameter of microcapsules. The 
weak connection between the epoxy matrix and the 
microcapsule wall on the one hand, and behavior and 
function of microcapsules as a defect at the cross-section of 
the matrix on the other hand are considered as the two main 
factors effective in the reduction of TS in self-healing epoxy 
composites (Zhang et al. 2014).  The mechanical properties 
of epoxy composites with incorporated PMF capsules 
which contained epoxy and mercaptan healing agents were 
evaluated by Yuan et al. (2008). They found a continued 
trend of decrease in the tensile strength. The initial rise in 
tensile strength of self-healing epoxy composite specimens 
in comparison with virgin epoxy can be attributable to the 
enhanced toughness brought about by embedding the 
thermoplastic PMMA wall (Li et al. 2013b). 

Fig. 8 depicts the trends of Young’s modulus and tensile 
strengths concerning different test specimens containing 
pure epoxy and various amounts of 1 and 2.5 wt.% PMMA 
microcapsules at the agitation speed of 1000 and 600 rpm. 
Fig. 7(b) shows that Young’s modulus of 1 wt.% PMMA 
microcapsules at 1000 rpm slightly increased in comparison 
to the pure epoxy matrix. Nevertheless, the modulus of the 
specimens in other circumstances decreased (e.g., ~12% 
reduction in elastic modulus of 2.5 wt.% PMMA 
microcapsules at 600 rpm). This behavior can be attributed 
to the incorporation of thermoplastic PMMA shell into the 
thermoset epoxy matrix that lessens the modules of the 
matrix. Moreover, another issue that may cause a position 
slip for the microcapsule surface within the matrix leading 
to a decrease in the modules of the polymer composite is 
the weak interfacial adhesion that exists between healing 
agent capsules and matrix. The morphological properties of 
the capsule shells have direct effects on interfacial adhesion 
between the epoxy matrix and the microcapsule wall. The 
reduction in elastic modulus was also reported for other 
encapsulation-based healing systems (Yuan et al. 2008, 
Ahangaran et al. 2019). 

 
 

4. Conclusions 
 
Dual-component microcapsules, including low viscosity 

epoxy and its related hardener were synthesized by the 
internal phase separation method. The processes were 
accomplished at two different agitation speeds of 600 and 
1000 rpm. The yield of microencapsulated healing agents 
was obtained in the range of 72-78% and 67-70% for epoxy 
and hardener microcapsules, respectively. Furthermore, the 
yield of healing agent capsules increased as the mechanical 
mixing rate decreased. The chemical structure of 
microcapsules was characterized by FTIR spectroscopy and 

the results confirmed successful microencapsulation. 
Scanning electron microscopic images proved the spherical 
morphology with a smooth surface of microcapsules. Based 
on static light scattering results, the D50, D90 and average 
particle size values were the lowest for hardener/PMMA 
microcapsules at 1000 rpm. Moreover, the mean size of the 
epoxy/PMMA microcapsules was 7.49 and 5.11 µm for 600 
and 1000 rpm, respectively. It can be deduced that emulsion 
made with a higher mixing rate leads to an increase in 
microcapsule size. Therefore, an analogy relationship was 
proposed to predict capsule size at different rotational 
speeds, which was in good agreement with the experimental 
values. EPL-1012 epoxy resin was reinforced with 
homogeneous dispersion and the constant weight ratio of 
1:1 of PMMA/epoxy and PMMA/hardener microcapsules. 
The tensile tests were performed on the specimens filled 
with microcapsules via the incorporation of 1 and 2.5 wt.% 
PMMA capsules. The results indicated that the tensile 
strength of the self-healing composite initially increased for 
1 wt.% PMMA capsules at 1000 rpm and then 5%, 10%, 
and 13% reduction were observed for 2.5 wt.% at 1000 
rpm, 1 and 2.5 wt.% at 600 rpm, respectively. In fact, the 
TS and Young’s modulus decreased with the rise in the 
concentration and mean particle size of PMMA 
microcapsules. 
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