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CHARPY IMPACT TESTS OF EPOXY MATRIX FILLED
WITH POLY(UREA-FORMALDEHYDE) MICROCAPSULES
FOR SELF-HEALING APPLICATIONS

Smart self-healing epoxides have attracted immense interest in the industry due to their capability to prevent crack prop-
agation and increase material service life. Self-healing can be achieved via a number of approaches, where microcapsule-
based systems are deemed to be the closest to market implementation. The work presented here demonstrates the effect of
polymeric microcapsules made of poly(urea-formaldehyde) on the Charpy impact resistance of a standard epoxy matrix.
Poly(urea-formaldehyde) microcapsules containing epoxy resin (EPIDIAN 52) and organic solvent (Ethyl phenylacetate) were
prepared using in-situ polymerisation in an oil-in-water emulsion as described in the literature. The Charpy impact tests were
performed on specimens made of neat epoxy resin (EPIDIAN 52) - amine hardener (Z1) as well as for the epoxy filled with
microcapsules with 1, 2.5, 5, 10 and 25 wt.%. The test results have shown that the presence of brittle and spherical additives
has a detrimental effect on the mechanical properties of the polymer, resulting in a maximum 80% reduction in impact
strength for the samples with the highest content of microcapsules. In addition, the fracture surfaces of the impacted speci-
mens were investigated using a Scanning Electron Microscope (SEM). Significant differences were observed between the ref-
erence samples and those containing microcapsules, particularly when the microcapsule weight fraction is high.
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BADANIA UDARNOSCI KOMPOZYTOW O OSNOWIE EPOKSYDOWEJ ZAWIERAJACEJ
MIKROKAPSULKI MOCZNIKOWO-FORMALDEHYDOWE DO ZASTOSOWAN
W MATERIALACH SAMONAPRAWIALNYCH

Polimery epoksydowe zdolne do samonaprawiania ciesza si¢ duzym zainteresowaniem przemystu dzi¢ki ich zdolno$ciom
do hamowania propagacji p¢kni¢é, przez co wydluzaja zywotno$¢ materialu w trakcie jego eksploatacji. Zdolno$¢ polimeru
do samonaprawiania moze by¢ osiagni¢ta w rézny sposéb. Sposrod réznych systeméw samonaprawiania wykorzystanie
mikrokapsulek wydaje si¢ by¢ najblizsze mozliwoSci ich praktycznego zastosowania w przemysle. W niniejszej pracy zbadano
wplyw polimerowych mikrokapsulek wykonanych z poli(moczniko-formaldehydu) na odporno$¢ udarowa standardowej zy-
wicy epoksydowej, mierzona metoda Charpy’ego. Poli(mocznikowo-formaldehydowe) mikrokapsulki zawierajace zywice
epoksydowa (EPIDIAN 52) oraz rozpuszczalnik organiczny (etylofenylooctan) zostaly wytworzone metoda polimeryzacji
w wodnej emulsji znanej z literatury. Udarno$¢ metoda Charpy’ego zostala zbadana dla zywicy epoksydowej (EPIDIAN 52)
utwardzanej aminowym utwardzaczem (Z1) bez i z zawarto$cia 1, 2,5, 5, 10 i 25% wagowych mikrokapsulek. Wykonane ba-
dania wykazaly, ze obecno$¢ kruchych i sferycznych dodatkéw ma niekorzystny wplyw na wlasciwosci mechaniczne polimeru,
powodujac maksymalnie 80% spadek udarnosci dla probek o najwyzszej zawartoSci mikrokapsulek. Ponadto kruche przelo-
my zostaly poddane obserwacjom mikroskopowym za pomoca skaningowej mikroskopii elektronowej (SEM). Stwierdzono
znaczgce réznice pomiedzy prébkami referencyjnymi a modyfikowanymi mikrokapsulkami, w szczegélno$ci przy duzej za-
warto$ci mikrokapsulek.

Stowa kluczowe: zywica epoksydowa, mikrokapsulki, kompozyty, udarno$¢ Charpy’ego, skaningowa mikroskopia elektronowa

INTRODUCTION

Epoxy polymers are widely used in a number of ap-
plications including adhesives, coatings, electronics,
and composites as they exhibit excellent mechanical,
chemical and thermal properties. Depending on their
application and desired properties, a number of epoxy
pre-polymers, hardeners and additives are available to
formulate the polymer. The diglycidyl ether of bisphe-

nol A (DGEBA) and tetraglycidyl methylenedianiline
(TGMDA) combined with amine, phenols, anhydrides,
polyphenols and polysulfides are by far the most com-
mon constituents [1-3]. However, epoxides are brittle in
nature, which makes them susceptible to damage in-
duced by high service loadings and harsh environmental
conditions. Nowadays, costly and time-consuming
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damage detection and manual repairs are the most
common strategies addressing the problem. Self-healing
offers an additional paradigm to increase the material
service life and its reliability. There are three concep-
tual approaches developed to date, including microcap-
sules containing the reaction chemicals incorporated in
the polymer, vascular networks distributing healing
chemistries within the material, and inherently reversi-
ble bonding in the polymer [3-5]. Microcapsule based
approaches are considered the most commercially
viable as they do not affect the chemical composition of
the base material, are easily prepared by a number of
techniques and can be used as a simple additive to the
polymer [4, 5].

There is a number of particulate fillers that have
been used in epoxy resins and include aluminium, cal-
cium carbonate, copper, colloidal silica, hollow glass
beads, etc. [1, 2]. By utilizing such fillers, a number of
properties may be improved, including thermal charac-
teristics, shrinkage, electrical conductivity, viscosity,
and toughness. A number of parameters should be con-
sidered before applying additives, including particle
size, surface chemistry, and volume fraction. However,
the presence of microspheres such as hollow glass,
rubber, core-shell particles, thermoplastics, etc., may
result in a reduction in their mechanical properties [6].
Huang et al. [7] reported that the presence of 10% hol-
low glass spheres in a polyester matrix results in a 32%
decrease in the Young’s modulus, and is dependent on
the volume fraction of the filler. In contrast, many re-
ports describe an increase in material fracture toughness
using particulate fillers [8, 9]. It has been demonstrated
in literature that incorporating only 1% hollow glass
spheres results in a 16% increase in the stress intensity
factor (Kjc) measured for a standard epoxy resin [10].

Many authors have investigated the effect of poly-
meric microcapsules made of poly(urea-formaldehyde)
on the tensile and fracture properties of bulk epoxy-
based polymers [11-14]. Incorporating the spherical
filler resulted in a maximum 50% decrease in the
Young’s modulus and an increase of about 30% in the
polymer fracture toughness (Kjc). Both of the properties
depend greatly on the size and the loading of the
embedded microcapsules in the material. In other stud-
ies, it has been demonstrated that the inclusion of
microcapsules results in fatigue life extension and
a reduction in fatigue crack growth in epoxy resins [15,
16]. Moreover, polymeric microcapsules used in self-
healing studies, along with a Grubbs’ catalyst, were
reported to increase fracture toughness and fatigue life
in self-healing adhesives. When highly concentrated in
the region of crack propagation, healing components
caused a substantial decrease in the fracture properties
[17,18].

However, there is no comprehensive published work
on the effects associated with the presence of microcap-
sules on the impact resistance. In this work, the
effect of polymeric microcapsules made of poly(urea-

formaldehyde) on the Charpy impact properties in an
epoxy resin is determined. Poly(urea-formaldehyde)
microcapsules were embedded in a commercially
sourced epoxy resin at various weight fractions. The
microcapsules were first prepared using the in-situ po-
lymerization of urea and formaldehyde in an oil-in-
water emulsion as described in the literature [19, 20].
The resulting microcapsules were then uniformly dis-
persed in an EPIDIAN 52 resin and consolidated with
an amine hardener Z1 at 60°C for 24 hours and post
cured at 80°C for 2 hours. The EPIDIAN 52 and Z1
composition is often used as adhesives, coatings and
matrix phases in fiber reinforced composites. Poly(urea-
formaldehyde) microcapsules were used as they exhibit
high thermal stability and good adhesion to epoxy res-
ins. These capsules were often used in the literature
[20] to deliver liquid phase healing agents into the crack
environment. Charpy impact tests were performed on
samples containing 1, 2.5, 5, 10 and 25 wt.% of cap-
sules and compared to neat epoxy resin containing no
additives. The collected data show that the presence of
microcapsules has a negative impact on the structure,
resulting in a maximum 80% decrease in the impact
resistance. Additionally, scanning electron microscopy
(SEM) was used to analyze the surface morphology of
the fractured samples. The microscopic analysis
revealed features characteristic of fractured epoxy
polymers during impact and indicated changes in the
crack propagation mechanism with an increasing load-
ing percentage of microcapsules.

EXPERIMENTAL PROCEDURE

Poly(urea-formaldehyde) microcapsules were used
in the study as the additive for the epoxy resin. The
microcapsules were prepared using standard in-situ
polymerization in an oil-in-water emulsion described in
the literature [19]. For purposes of the work, the micro-
capsules here were filled with a mixture of epoxy resin
(EPIDIAN 52) or organic solvent facilitating microen-
capsulation (Ethyl phenylacetate). After synthesis, the
particle size was measured using a scanning electron
microscope (SEM) and processed using Imagel] soft-
ware.

The test samples were prepared using a commer-
cially sourced epoxy resin (EPIDIAN 52) and amine
hardener Z1 (100:13 pph ratio). A number of compos-
ites containing the spherical additive were prepared by
mixing 1, 2.5, 5, 10 and 25 wt.% of microcapsules with
the epoxy resin and then with the desired amount of
hardener. In addition, samples containing only neat
epoxy resin were also prepared as the reference. After
mixing with the hardener, the resin was degassed at
room temperature for 15 minutes and poured into sili-
cone molds with the desired dimensions. The epoxy
resin was then consolidated in accordance to the manu-
facturer's recommendations at 60°C for 24 hours and
post cured at 80°C for 2 hours.
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The prepared samples were impacted in a RESIL 5.5
pendulum impact tester with Charpy configuration. All
the results were obtained using a standard 15J hammer.
A minimum of 5 samples for each variable was tested.
The tests were performed in accordance to PN-EN ISO
179-1 [21]. Scanning electron microscopy was used to
analyze the fracture surfaces, using a HITACHI TM
3000 desktop SEM microscope. The specimens were
first put onto a conductive stub and sputter coated with
a 16 nm layer of Ag/Pt prior to observation.

RESULTS AND DISCUSSION

Size distribution and microstructure
of microcapsules

Figure 1 illustrates the SEM micrographs of the
poly(urea-formaldehyde) microcapsules filled with
epoxy resin-organic solvent used as the additive in the
work. The size distribution of the microcapsules was
determined for at least 500 section length measurements
using ImagelJ and ranges from 10 to 170 um. Figure 1b
shows a single microcapsule with a rough exterior shell
wall made of the growing polymer in the emulsion. The
rough surface is beneficial due to increased surface area
and enhanced surface adhesion [19, 22].

b)

1730 F D55 x500 200um 1727

Fig. 1. Poly(urea-formaldehyde) microcapsules prepared using in-situ
polymerisation of urea and formaldehyde in  oil-in-water
emulsion

Rys. 1. Zdjecie SEM mikrokapsutek mocznikowo-formaldehydowych
wytworzonych z zastosowaniem polimeryzacji in sifu mocznika
i formaldehydu w wodno-olejowej emulsji

Charpy impact tests

Figure 2 shows the Charpy impact test results of the
epoxy filled with poly(urea-formaldehyde) microcap-
sules at various weight fractions. Table 1 summarizes
the collected results for the impact energy and Charpy
impact resistance.

By analyzing the data, it is clear that the presence of
the polymeric microcapsules has a detrimental effect on
Charpy impact resistance of the epoxy. The epoxy resin
with the addition of 1 wt.% microcapsules has a 66%
reduced impact strength when compared to the
reference sample containing only neat resin. At higher
weight loading percentages, ranging from 2.5 to
25 wt.% of the additive, there is an average 80% reduc-
tion in the impact resistance, which is independent
of the microcapsule loading percentage in the
polymer.
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Fig. 2. Charpy impact resistance as a function of microcapsule weight
fraction
Rys. 2. Wyniki udarnosci Charpy'ego w funkcji frakcji wagowej mikro-
kapsutek

TABLE 1. Charpy impact resistance of epoxy matrix filled with
microcapsules at various weight fractions
TABELA 1. Wyniki udarno$ci Charpy'ego kompozytéw o osno-
wie epoksydowej zawierajacej mikrokapsulki
o réznych frakcjach wagowych

Smle | idrocaputes | | tanee (e
Ref 0 0.428 259425
ST-1 1 0.144 8.7+1.0
ST-2.5 25 0.0876 56038
ST-5 5 0.0822 5208
ST-10 10 0.069 47+13
ST-25 25 0.057 3805

Scanning electron microscopy

The most promising samples after the impact tests
were chosen for the microscopic analysis. The samples
were gold palladium sputter coated and examined using
a scanning electron microscope (SEM). Figure 3 shows
the cross section of neat epoxy resin after the test. The
smooth area at the center and the propagating marks
indicate the impact point. It also indicates that a single
crack was responsible for the rupture. The irregular
fracture surface suggests crack arrest and the direction
of crack propagation. The fracture surfaces for speci-
mens containing microcapsules are presented in Figure
4. A number of ruptured microcapsules are observed,
suggesting strong adhesion between the poly(urea-
formaldehyde) shell wall and the matrix epoxy resin.
The smooth area suggesting fast crack propagation at
the impact point is present in all the analyzed samples.
By increasing the loading of the spherical additive, the
characteristic rough markings disappear gradually as
illustrated in Figure 4a-d, suggesting that the presence
of microcapsules has an influence on the polymer
strength. At 25 wt.% of the additive (Fig. 4e) a rough
surface is not present, suggesting the weak and brittle
character of the epoxy resin. In this context, the micro-
capsules are considered as unwanted voids and imper-
fections (Fig. 5). At higher loading percentages, the
microcapsules reduce the polymer area responsible for
its strength and resistance to impact.
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Impact point

Fig. 3. Fracture surface of neat epoxy resin after Charpy impact test

Direction of crack propagation

H D45 x300

Fractured surface Crack initiation point

Rys. 3. Powierzchnia pekniecia niezmodyfikowanej zywicy epoksydowej po probie udarnosci Charpy’ego

a) ST —1 wt%

H D73 x100

Fractured epoxy Dispersed microcapsules

) ST — 5 wt% TN ) ST 10wt

3442 H D6 =100 1mm 3448

b) ST 2.5 wt%

—H D85 X100

—

Direction of crack propagation

Dispersed microcapsules
e)ST25wt%

Direction of crack prapagation

Trrm

Fig. 4. Fracture surfaces of epoxy resin filled with microcapsules at various loading percentages

Rys. 4. Zdjecie przetomu kompozytu o osnowie epoksydowej zawierajacej mikrokapsutki po tescie o roznych frakcjach wagowych mikrokapsutek

Ruptured microcapsules

Direction of crack propagation

Impact point

Fig. 5. SEM micrograph illustrating ruptured microcapsules in ST-25

specimen at impact point

Rys. 5. Zdjecie SEM ilustrujace peknigte mikrokapsutki w probee ST-25

w punkcie uderzenia

SUMMARY AND CONCLUSIONS

- Epoxy polymers filled with spherical microcapsules

exhibit a significant decrease in strength measured
by Charpy impact tests. A maximum 80% reduction
was observed for polymers with more than 2.5 wt.%
filler and is independent of the microcapsule loading
percentage. The samples filled with only 1 wt.%
exhibited a 66% decrease when compared to neat
epoxy resin. The microcapsules embedded in the
polymer exhibit strong bonding with the epoxy resin
and easily rupture due to a propagating crack within
the material. However, the presence of the spheres
in the material is similar to air voids and reduces
the fracture cross sectional area and polymer
strength.

Composites Theory and Practice 17: 4 (2017) All rights reserved



210

P.A. Bolimowski, R. Kozera, P. Kozera, A. Boczkowska

- The presence of microcapsules affects the surface
morphology of the fractured epoxy. At higher load-
ing percentages, no marks suggesting crack arrest
were observed. It is characteristic of brittle polymers
with low resistance, it is characteristic of brittle
polymer with little resistance.

- As the microcapsules have a detrimental effect on
ordinary epoxy resin, their fraction in future applica-
tions such as self-healing composites should be re-
duced to a necessary minimum, thus ensuring the
minimum effect on the polymer properties and high
self-healing performance.
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