
This issue of eXPRESS Polymer Letters contains
selected papers presented at the 14th European Con-
ference on Composite Materials (ECCM) held in
Budapest, 7–10 June 2010. This conference is a
regular forum for scientist, specialists and industrial
experts dedicated to polymers/metals/ceramic mate-
rials, to their technology, design, simulation, testing
and application aspects. This conference series was
founded after realizing the interest of scientist and
technologists, not only from Europe but from all
over the World, in getting general and specific
knowledge about the most recent advancements of
the cutting edge composite materials topics. The
first conference was organized in France (Bor-
deaux) in 1985 and the next 15th conference will be
held in Venice, Italy between 24–28 June, 2012
Besides looking forward, the 25th anniversary of the
conference provided an opportunity for retrospec-
tion. This review was given by the first day's ple-
nary lecture speaker, Prof. G.S. Springer (USA),
doyen of composite sci-
ence and technology.
Material science and
technology has gone
through vast develop-
ment in the last decades.
Modern composites are
essential in all fields of
life, including building
and transportation indus-
try, information tech-
nology, energy sector
and medical applica-

tions. In this context, the current and future com-
posite materials, technologies and application fields
were presented during the second days’ plenary lec-
tures: Prof. I. Verpoest (B) gave a talk on nano and
biocomposites, Prof. O.T. Thomsen’s (DK) lecture
addressed wind turbine composite rotor blades,
while Dr. C. Weimer’s (D) presentation focused on
future processing techniques for cost-effective high
performance composites in helicopter manufactur-
ing. During the conference 395 oral lectures and
195 posters were presented by experts from 60 coun-
tries in 6 parallel sessions. The conference provided
a platform for presentation and discussion of the
latest results and offered an opportunity for young
scientists to learn and to present their work. The
conference brought together the researchers from
academia and industry, served as an open forum for
the exchange of knowledge, and helped to establish
worldwide scientific cooperation between 700 par-
ticipants.

This issue presents a selec-
tion of the most recent re-
sults of the above-men-
tioned research areas
within the field of rein-
forced polymeric materi-
als. This venue gave a pos-
sibility to the International
Advisory Board of eX-
PRESS Polymer Letters to
meet each other (see Fig-
ure) and discuss future
works for the journal.
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1. Introduction
Aviation emissions have come under scrutiny in
recent years due to the rapid growth in air transport,
which has been increasing at an annual rate of about
5% throughout the last two decades [1].
The effect of aviation emissions, which consist
mainly of carbon dioxide (71%), water vapour
(28%) and nitrogen oxides [2], on the atmosphere is
the focus of intense research efforts [3, 4]. It is
widely recognised that emission at high altitudes
are more environmentally damaging than those at
ground level, due to increased interaction with
gases in the atmosphere. A parameter used to quan-
tify the effect of aviation emission is the Radiative
Forcing (RF) Index, which is a measure of the
impact of an agent on the energy balance of the
earth’s atmosphere. A positive RF indicates a global
warming effect. Aircraft operation involves the

emission of (a) directly radiatively active sub-
stances (e.g. CO2 or water vapor); (b) chemical
species that produce or destroy radiatively active
substances (e.g. NOx, which modifies ozone con-
centration); and (c) substances that trigger the gen-
eration of aerosol particles or lead to changes in
natural clouds (e.g. contrails). These emissions and
cloud effects modify the chemical and particle
microphysical properties of the upper atmosphere,
resulting in changes in RF of the earth’s climate
system, which can potentially lead to climate
change impacts and ultimately result in damage and
welfare/ecosystem loss [5]. Thus, it is important to
analyse the life cycle of aircraft systems and struc-
tures in as much detail as possible, in order to under-
stand the long-term impact on the human environ-
ment and the earth’s ecosystem. Some of these
effects – such as the cirrus cloud enhancement due
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to contrails – are still poorly understood, and they
are therefore not considered in current environmen-
tal models. However, their impact could be substan-
tial and it is therefore necessary to constantly
update LCA models, as new or more reliable infor-
mation becomes available [6, 7].
In the civil aviation, implementation of composites
and hybrid materials is driven largely by the high
cost of aviation fuel and the introduction of legisla-
tion setting limits on the emission of greenhouse
gases during operation [8]. According to European
directive EC 101/2008, from 2012 the aviation sec-
tor will be included into the EU ETS emission trad-
ing scheme and aircraft operators with flights land-
ing or departing from an EU airport will be required
to buy allowances equal to the CO2 emissions for
each flight [9, 10]. It is widely recognised that the
fuel consumption of an aircraft is strongly affected
by its total weight and that the fuel used during air-
craft operation can be significantly reduced by
increasing the proportion of lightweight composites
in its structure [11]. On the other hand, disposal of
composite parts at their end-of-life is often more
problematic than in the case of metals. Composites
are not only more costly and energy intensive to
produce than metals, but also notoriously difficult
to recycle. Whilst the End of life Vehicles (ELVs)
Directive 2000/53/EC places a significant burden
on the automotive vehicle manufacturers, with
recycling and recovery targets of respectively 85%
and 95% by 2015, no such legislation applies to the
civil aerospace industry. However, there is growing
concern in the industry that a similar directive may
be introduced [12].
It is therefore clear that the overall environmental
benefits of replacing metals with composites are not
directly evident, and a full cradle-to-grave life cycle
assessment needs to be performed in order to rank
different aerospace materials in terms of their envi-
ronmental impact, as stated by the ‘product stew-
ardship principles for the aerospace sector’ proposed
by the Advisory Council for Aeronautics Research
in Europe [12]. This paper aims to establish whether
the increase in efficiency gained by using light-
weight composite materials is significant enough to
justify the additional emissions produced during the
manufacturing and disposal stages compared with
those of aluminium, and further to investigate after
how many hours of flying time do composites and

GLARE become the more environmentally friendly
choice. In the aerospace industry, LCAs are being
performed to assess various ways of reducing the
environmental impact such as new materials, alter-
native fuels, improved aerodynamic design etc. In
particular, the present debate is on the use of com-
posite materials for primary airframe structures
instead of the more conventional heavier aluminium.
An initial study from Beck et al. [13] provided
insights into the different levels of hazardous emis-
sions arising from the manufacturing of Al, CFRP
and GLARE hybrid laminates in aerospace indus-
try. However, due to confidentiality reasons and to
the difficulty in obtaining data from industry, such
study was limited to examining flat plates of equal
size made of different materials rather than actual
aircraft components. Moreover, no other similar
investigations are currently available in the litera-
ture.
The present work extend Beck’s study by first
examining flat plates of Al, GLARE and CFRP tak-
ing into account the typical weight savings of these
materials, and subsequently presents a more detailed
analysis on an actual component , whereby a struc-
tural steel tube was replaced with a tubular CFRP
component. Although in the case of metals the spe-
cific energy [MJ/kg] needed to manufacture a com-
ponent is fairly independent of its shape, size and
shaping technology (typically, for aluminium the
energy required for shaping the component is very
low compared to the energy used to produce the
material itself), in the case of composites the curing
and shaping processes are simultaneous, and the
specific energy requirement for the component is
substantially influenced by processing conditions,
such as curing temperature and time, type of auto-
clave used, degree of packing of the autoclave and
so on. Those processing conditions can in turn be
related to the geometry and dimension of the part,
but also to many other factors, which are more spe-
cific to the manufacturing site. Therefore, in order
to compare the LCA performance of composites
and metals in aerospace, it was necessary to exam-
ine real size components.
Moreover, due to the complexity of aerospace com-
ponent design and materials selection, a universal
criterion for comparing composites and metal com-
ponents is not available. As an example, even if the
generally recognised design criterion for structural
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parts in the aircraft wing is stiffness, uncertainties
about composite materials behaviour (for instance
related to anisotropy, damage tolerance and fatigue
resistance) often lead design engineers to adopt
more conservative safety factors than those used for
metallic parts. It can therefore be concluded that the
only accurate way to assess both the manufacturing
energy and the weight savings of a composite com-
ponent with respect to its metallic counterpart is to
gather industrial data on both components designed
to fulfil the same function.
Despite the very specific nature of the LCA analysis
for components of such a complex design, examin-
ing a critical number of case studies, such as the one
presented in this paper, can generate the critical
amount of data necessary for understanding and
quantifying the potential of the use of composites in
emissions savings in the aviation industry.

2. LCA software and methodology
SimaPro 7.1 software was used in combination with
Ecoinvent database to carry out LCA for aerospace
materials (Pré Consultants, NL). The Ecoinvent
data v2.0 contains international industrial life cycle
inventory data on energy supply, resource extrac-
tion, material supply, chemicals, metals, agriculture,
waste management services, and transport services.
Eco-indicator 99 (E) V2.05 Europe EI 99 E/E was
used as a chosen method [7, 14]. Such method allows
aggregation of different impact categories into a
single score value. This is an important aspect,
because the success of LCA as a widespread indus-
trial decision tool in the aerospace sector is strongly
dependent on the simplicity in interpreting the results
of the analysis. ISO 14042 standard (recently
replaced by BS EN ISO 14040:2006 [14]) built in
SimaPro software) prevents public disclosure of
LCA results aggregated into single-score indicators
when comparing environmental performance of
commercial products. This is mainly due to the sub-
jective nature of the weighting factors used in the
calculations. Therefore the method presented in this
study should not be used in a commercial context
that requires subjective evaluation.
LCA contains inventory analysis and automatically
calculates emissions from raw materials produc-
tion. For the electricity supply, a typical UK energy
mix was considered in the calculations (41% natu-
ral gas, 33% coal, 20% nuclear and smaller propor-

tions from other energy sources). Neither environ-
mental impacts associated with the manufacturing
of tools, transport and buildings, nor environmental
impacts of the labour force required to manufacture
the parts are included in the analyses. These aspects
have been excluded due to their minor contribution
to the goal of the study.

3. LCA of panels used in aircrafts
An initial LCA was performed to compare the envi-
ronmental impact of an aerospace panel when made
respectively from aluminium alloy 2024, carbon
fibre reinforced epoxy resin (CFRP), and GLARE
(glass fibre/Al laminate used by Airbus in A380).
These three structural materials have been chosen
for comparison due to their relevance, especially
aluminium alloy and CFRP. The impact of the man-
ufacture and disposal stages of these materials were
analysed with particular interest in the airborne
emissions that affect climate change and also the
quantity of fossil fuel usage. Further, the in-use
phase was taken into account to assess which mate-
rial is more environmentally friendly over the entire
life cycle. A break-even plot was created to assess
the amount of flying distance required for the CFRP
and GLARE to become the environmentally prefer-
ential choice to Al-2024.
The base for comparison between the three materi-
als was their estimated weight in currently designed
aircraft structures. From the literature it was found
that typical weight savings when using CFRP and
GLARE are 20% and 10% respectively [15]. There-
fore, since Al-2024 panel model weighted 10 kg,
the CFRP and GLARE panels were assumed to be 8
and 9 kg respectively. This choice of criterion for
comparison was found to be more relevant to the
real-life compared to using panels’ dimensions or
volumes.

3.1. Manufacturing and disposal of the panels
Each panel was obtained from Al-2024 ingots by
hot rolling in a four-high rolling mill and the final
machining to the required size. The shaping of the
Al-2024 ingot into a panel required about 5% of the
energy needed to produce the ingot [16]. It was
assumed that the Al-2024 is 100% recyclable and
that the energy saved by recycling as opposed to
producing another alloy from scratch is counted as
positive emissions. A typical composition of CFRP
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used in this work was 35% epoxy resin and 65%
carbon fibre by weight [1]. The composite panel
was manually laid-up and then cured in an auto-
clave with a power rating of 26.4 kW for 6 hours. A
typical curing cycle for a 10 mm thick panel would
involve heating at around 0.5°C/min for 2 hours,
high temperature curing for 2 hours and cooling at
0.5°C/min for 2 hours. It was estimated that the
power used by the heating system during the heat-
ing stage would not exceed 60% of the power rating
during the heating stage and this proportion would
reduce to 20% during the rest of the cure cycle.
Considering the additional power consumption due
to fan (1.5 kW), compressed air and electronics
(1 kW), the total amount of electricity for the auto-
claving process has been determined to be around
68 kWh.
GLARE (GLAss-REinforced" Fibre Metal Lami-
nate) is a laminated material consisting of thin
(0.13 mm) layers of aluminium sheet (typically
more than 70% in volume) and unidirectional glass
fibre layers embedded in an adhesive system. The
layers are laid up and subsequently autoclaved. Due
to its relatively limited use in the industry, interest
in recycling of the Al layers in the hybrid system
has been limited. Moreover, thermal recycling of
GLARE might not be environmentally sound, being
a very energy intensive process [17]. The Ecoinvent
database contains data on the emissions related to
the production of GLARE sheets. It was assumed
that no substantial emission would arise from man-
ufacturing of the flat panel of the required dimen-
sion starting from these sheets. The disposal sce-
nario for both CFRP and GLARE is landfill, as there
is no commercial recycling route available at this
stage.
Figure 1 shows the global environmental impact
using the single score index from Eco-indicator
99 (E). For improved clarity, only impact categories
with significant contribution to the overall score are
represented. LCA is by nature a comparative analy-
sis, therefore standard Ecoindicator values can be
regarded as dimensionless figures. The scale is cho-
sen in such a way that 1 Pt is representative for one
thousandth of the yearly environmental load of an
average European inhabitant [14].
It can be seen from this graph that the Al-2024
panel is by far the most environmentally friendly
choice during the manufacturing stages, the main

reason being that aluminium is 100% recyclable.
Recycling aluminium requires much less energy
than extracting it from its ore and this energy saving
is counted as positive emissions. In practice, current
material standards for aerospace components do not
allow re-using recycled aluminium into new aircraft
parts. However, for the purpose of this analysis it
was assumed that the recycled aluminum presents
almost equal properties to the virgin one and could
be reused for high value applications, such as com-
ponents for trucks, tractors, trailers, railroad cars
and buses. The GLARE panel produced the highest
environmental impact during this stage of the life
cycle with the CFRP producing lower emissions in
comparison.

3.2. In-use
The objective of this part of the study was to esti-
mate the potential savings of composites over the
entire life cycle of the component.
According to the widely-used ‘Base of Aircraft
Data’ (BADA) models [18], fuel consumption for
aircraft depends crucially on thrust (Equations (1)
and (2)):

Nominal fuel flow [kg/s] = ! · T                          (1)

! [kg/(min·kN)] =                   (2)

where T is the thrust, ! the thrust specific fuel con-
sumption, Cf1 and Cf2 thrust specific fuel consump-
tion coefficients, which are dependent on aircraft
model, but not on aircraft mass. If, as a first approx-
imation, the thrust-to-weight ratio (i.e. the effi-
ciency factor for total aircraft propulsion) and the

Cf1 a 1 1
VTAS

Cf2
bCf1 a 1 1

VTAS

Cf2
b

                                                 Scelsi et al. – eXPRESS Polymer Letters Vol.5, No.3 (2011) 209–217

                                                                                                    212

Figure 1. Single score impact results for manufacturing and
disposal of Al 2024, CFRP and GLARE panels.
Al 2024 is assumed to be recycled at the end of
life. CFRP and GLARE are landfilled.



cruise speed are assumed to be mantained constant
when replacing metals with composites in a specific
aircraft type, fuel consumption can be assumed to
be proportional to the total weight of the aircraft.
All panels were assumed to be designed for installa-
tion on a civil aircraft with a life time of 30 years
and a daily range of 14 000 km [19]. The total dis-
tance covered by the aircraft during its lifetime was
therefore estimated to be around 150 million km.
The panels can be considered as a load that has to
be carried by the aircraft during each flight. The func-
tional unit for the transport of the panels, expressed
in [t!km], was calculated for each panel and imple-
mented into a LCA transport model for freight
transport.
Figure 2 is a single score impact graph showing the
total environmental impact that the panels produce
over their entire life cycle.

From Figure 2 it can be seen that over an entire life
cycle the Al-2024 is more environmentally harmful
than CFRP and GLARE. It can also be seen that the
fossil fuel use impact category dominates the total
impact for the three panels. Break-even graphs can
also be created, which show the amount of distance
that is travelled by the aircraft before the lighter
materials become environmentally preferential.
Figure 3 shows the break-even plot for single score
impact.
From Figure 3 it can be seen that the break-even
point for CFRP is approximately 70 000 km and for
GLARE panel it is about 240 000 km. Break-even
plots have also been created with regards to the fos-
sil fuel impact category (Figure 4).
Figures 4 and 5 illustrate that emissions related to
climate change are paid back with the fastest
turnover, followed by the fossil fuel consumption.
These break-even distances can be translated in to
times using the speed of the aircraft, which for
freight conditions is 750 km/h at typical cruise
speed. Table 1 shows the break-even distances and
times with respect to single score, climate change
and fossil fuel consumption.
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Figure 2. Single score impact results for the entire lifecycle
of Al 2024, CFRP and GLARE panels installed
on a civil aircraft (freight)

Figure 3. Break even scenarios for single score environ-
mental impact of CFRP and Aluminium plates
and GLARE and Aluminium plates. The break-
even distance for CFRP is considerably lower
than for GLARE. Method: Eco-indicator 99 (E)
V2.05 / Europe EI 99 E/E.

Figure 4. Break even scenarios for fossil fuel depletion
impact of CFRP and Aluminium plates and
GLARE and Aluminium plates. Method: Eco-
indicator 99 (E) V2.05 / Europe EI 99 E/E

Table 1. Comparison of break-even times for various impact
categories for CFRP and GLARE as replacement
for Aluminium 2024 plates

CFRP GLARE
Distance

[km]
Time

[hours]
Distance

[km]
Time

[hours]
Single Score 70 000 93 240 000 320
Fossil Fuel 85 000 113 105 000 140
Climate Change 45 000 60 120 000 160



4. Case study: LCA of a tubular component
Having shown the potential benefits of composite
materials implemented into aircraft structures, a
case study is presented here, following the same
methodology and using data for a real component
obtained directly from the manufacturer. Unfortu-
nately, due to the strict confidentiality policies in
the aviation tier sector , the use of the component
cannot be revealed. Despite representing only a few
percent of the total weight of an aircraft, steel is still
present in aircraft structures and some specific parts
made of steel can be replaced with CFRP.

4.1. Components and manufacturing methods
The component analysed in this LCA study is a cur-
rently utilised commercial application manufac-
tured at Advanced Manufacturing Research Centre
with Boeing, Sheffield, UK. The tubular component
had approximate length of 660 mm, inner diameter
of 670 mm, and wall thickness of 10 mm. The com-
posite contained approximately 75% hoop fibre,
and the resin system was standard epoxy MTM49-3
with the density of 1.78 g/cm3. Standard Robot Arm
power required to manufacture the component using
Automatic Fibre Placement (AFP) was 25 kW over
230 minutes. Autoclave manufacturing method used
for curing of the component required 20 kW over
240 minutes. The equivalent steel tube used in LCA
model had the same dimensions with different wall
thickness, 5 mm. The manufacturing of the steel
tube consisted of seam welded rolled steel sheet.

4.2. LCA results
For the purpose of the LCA assessment in this par-
ticular application, it was of particular importance
to compare the initial materials production emis-
sions with the component used in service. Higher
initial score for CFRP structure was expected due to
the recyclable nature of steel, with the emissions
being immediately offset by LCA model. In order to
provide data for life-cost analysis of the compo-
nent, it was important to calculate the break-even
points in transport which would effectively provide
an estimate of the effectiveness of CFRP in this par-
ticular case. Figure 5 shows the cumulative damage
to climate involving the single score of emissions
and hazardous substances arising from CFRP tube
manufacturing and disposal. The analysis of various
disposal scenarios did not show any significant
variations and thus the incineration was selected to
be the representative disposal scenario in this study.
According to the LCA model used, incineration had
approximately the same impact as landfilling
because the emissions from incineration were con-
sidered to displace an equivalent amount of coal in
a power-station, and, on the other hand, landfilling
of composite materials was considered free of any
toxic leachate due to the chemical stability of these
materials and the efficient landfill system in the UK.
It may be concluded that fossil fuel burning from
the raw materials processing and component manu-
facturing contributes the highest level of emissions;
considering that, in mass scale production each
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Figure 5. Single impact score calculated for a) CFRP and steel tubes in raw materials production, manufacturing and dis-
posal, and b) after 10 000 km in air transport, showing significant emissions savings due to the implementation of
lightweight CFRP structure. Only impact categories with significant contributions to the overall score are repre-
sented.



parameter will undergo multiplication and thus
become more significant. The single impact score
improves dramatically for CFRP compared to its
predecessor steel component once utilised in the air
transport. However, the total impact score still
needs to be further assessed in order to evaluate its
actual effect onto the environment.
Clearly, the most important factor in this instance is
the fossil fuels parameter which takes into account
raw production, processing and burning of fossil
fuels in the emissions score. Respiratory inorganics
and climate change follow as byproducts of all
parameters included in the four stages of LCA.
Although other parameters are insignificant com-
pared to those three (Figure 6), their values will rise
with further operational life of the components and
their contribution to the pollution of the ecosystem
may still prove to be significant. However, the
results show that the implementation of CFRP will
significantly improve the overall impact in each
LCA parameter over the time in use. In order to
observe their relative impacts, the normalisation of
the results is shown in Figure 7. Although CFRP
shows a significant overall improvement in the
emissions score after only one international flight,
longer time in operation is required to achieve ben-
efits in the presence of carcinogens, radiation,
ozone layer depletion and minerals.
The CFRP and steel tube models were also sub-
jected to three different transport scenarios in order

to deteremine the emissions savings once the com-
ponent is utilised in fuel-saving operation and serv-
ice. The component was analysed in (i) air trans-
port, cargo aircraft, (ii) road transport, lorry (7.5 t <
weight < 16 t) and (iii) marine transport, ocean cargo
transporter. The purpose of this analysis was to
identify the break-even scenario for each transport
type, in order to assess i) the efficiency of the com-
ponent and ii) the efficiency of the transport scenar-
ios, which are important elements of operational
life-cycle assessment.
The results are presented in Table 2 and indicate the
high level of implemented CFRP component’s
environmental efficiency in air transport compared
to the other transport scenarios. Based on the aver-
age cruise speed for transport aircraft (750 km/h),
motorway driven lorry speed (80 km/h) and ocean
cargo carrier (40 km/h), the above values for break
even distances [km] can be translated into break
even times [h] for each type of the transport analysed
in this LCA model. Thus, although the marine
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Figure 6. Weighting impact score calculated for CFRP and
steel tubes in raw materials production, manufac-
turing and disposal, and after 10 000 km in air
transport. The absolute breakdown of the impact
factors shows the most important contributions to
pollution and RF index.

Figure 7. Normalised scores calculated for CFRP and steel
tubes in raw materials production, manufacturing
and disposal, and after 10 000 km in air transport.
Each higher score value is raised to 100% and the
lower shown relative in comparison.

Table 2. Comparison of various transport scenarios and
their break-even times for steel and CFRP tubes
using a single score Ecoindicator 99

Transport scenario Break-even distance
[km]

Break-even time
[h]

Air transport 3 600 4.8
Road transport 13 600 170.0
Marine transport 373 000 9325.0



transport appears to be the most effective in terms
of emissions savings, weight saving exemplified in
the replacement of the steel tube with CFRP tube of
the same dimensions will yield the most dramatic
emissions saving in air transport.

5. Conclusions
A life cycle assessment (LCA) of CFRP, GLARE
and Aluminium 2024 plates used as aircraft panels
was performed to determine potential emissions
savings of lightweight composites over the life of
the component. It was shown that, despite being
more energy intensive to manufacture and more dif-
ficult to dispose of, CFRP and GLARE can lead to
substantial decrease in the overall environmental
impact when used in aerospace due to the high fuel
consumption during air transport. The break-even
distances above which CFRP and GLARE start
showing a net reduction of environmental damage
compared to Aluminium 2024 were respectively
70 000 and 240 000 km.
Subsequently, a case study was presented on LCA
of a CFRP component, which replaced a steel tube,
and analysed in several different applications. Real
manufacturing data were used and showed in this
case a more dramatic reduction in the overall envi-
ronmental impact by using the composite compo-
nent. In this case, the break even for replacing a steel
component with CFRP was achieved after 3 600 km,
corresponding to approximately 5 h of air transport.
Lightweight composite structures and hybrid com-
posites produce dramatic positive effect on the total
emissions savings when used in the aviation trans-
port. Fossil fuel consumption and the subsequent
CO2 emissions are most significantly reduced.
Other aspects such as carcinogens and ozone layer
depletion require more hours in service to show
benefits from the implementation of lightweight
structures. Other transport scenarios have shown
also to benefit from the implementation of light-
weight structures, however they require more hours
in operation to realise such environmental benefits,
due to their already lower effective emissions com-
pared to the air transport. The areas to further inves-
tigate would be the environmental effect of differ-
ent disposal scenarios of composites in the environ-
ment, and their optimised, automatic manufacturing
methods.
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1. Introduction
There have been numerous studies that have
demonstrated that, the use of conductive nanofillers
like carbon nanotubes (CNTs), carbon nanofibres
(CNFs) or nanographite can improve the mechani-
cal properties of epoxy resins and their composites
[1–5]. Also the electrical conductivity of polymers
containing organic nanofillers can be further
improved [6–10] since only a small fraction of nan-
otubes or nanographite is needed to form the perco-
lation conductive network. The optimal dispersion
of the nanofillers in the resin is a key factor for
achieving the aforementioned properties. Moreover
it has been established that, the CNTs can be used
as sensors monitoring strain, applied loading, or
even sense damage induced, etc. [11–14]. The ther-
mal stability of polymers has also been enhanced
with the inclusion of nanographite because of the
‘barrier effect’ which is strongly related to its shape

and structure [15–16]. However the effect of the
above mentioned fillers is not always the same on
the glass transition temperature and is a phenome-
non depending on various factors like the morphol-
ogy and structure of the nanofillers, its chemical
treatment, purity, functionalisation, etc [17]. Also,
some of the more recent studies, used nanoclays for
the reinforcement of carbon fabrics achieving
important mechanical enhancements along with
flame retardant abilities, i.e. reduce the peak heat
release rate [18–23]. Titanium dioxide has also
been used as a thermal barrier on composite appli-
cation increasing the oxidation and degradation
temperature of carbon fibres etc. Treating TiO2 with
amino-silane coupling has increased the impact and
tensile properties of polystyrene. Finally, the pyrol-
ysis behaviour of PVA composites has been
enhanced with the addition of nano-TiO2 [24–26].
Nevertheless, no research has been done so far on
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the effect of nanofillers on the properties of gel-
coats. The current work focuses on how the proper-
ties of a state of the art epoxy gelcoat, can be
enhanced with the addition of different nanofillers.
A gelcoat is a material used to provide a high qual-
ity finish on the visible surface of a fibre-reinforced
composite material. The most common gelcoats are
based on epoxy or unsaturated polyester resin
chemistry. Gelcoats are modified resins which are
applied to moulds in the liquid state. They are cured
to form crosslinked polymers and are subsequently
backed up with composite polymer matrices, often
mixtures of polyester resin and fibreglass or epoxy
resin with glass, kevlar and/or carbon fibres. The
manufactured component, when sufficiently cured
and removed from the mould, presents the gel-
coated surface. This is usually pigmented to provide
a coloured, glossy surface which improves the aes-
thetic appearance of the component. Gelcoats are
designed to be durable, providing resistance to
ultraviolet degradation and hydrolysis. Specialised
gelcoats can be used to manufacture the moulds
which in turn are used to manufacture components.
These require very high levels of durability to over-
come the mechanical and thermal stresses encoun-
tered during the curing and demoulding processes.
In the current work an effort was made to enhance
the mechanical and thermal properties of the Ren-
Gel™ 5200 gelcoat of Huntsman Advanced Materi-
als GmbH, Switzerland with the use of nanofillers.
Fillers in any size have for many years had a high
significance in the plastics industry. Nanofillers are
basically understood to be additives in solid form
where on dimension is in nanoscale and, differ from
the polymer matrix in terms of their composition
and structure. They generally comprise inorganic
materials or organic materials. Inactive fillers or
extenders raise the quantity and lower the prices,
whereas active fillers bring about targeted improve-
ments in certain mechanical or physical properties.
The activity of active fillers may have a variety of
causes, such as the formation of a chemical bond or
filling of a certain volume and disruption of the
conformational position of a polymer matrix, and
also the immobilization of adjacent molecule groups
and possible orientation of the polymer material.

2. Experimental
As reference material the RenGel™ SW 5200
epoxy gelcoat of Huntsman Advanced Materials
GmbH, Basel, Switzerland was used and was cured
with Ren® HY 5212 Fast. The formulation of the
gelcoat is based on Araldite® MY 0510, a trifunc-
tional glycidylamine epoxy resin. The nanofillers
that they were used to produce four different nano-
enhanced gelcoats were the following: (i) MWC-
NTs Baytubes® C150P by Bayer™, Monheim,
Germany with 95% purity, diameter between 13–
16 nm, length >1 µm and, density 1.4–1.6 g/cm3,
(ii) the exfoliated nanographite platelets were by
XG Sciences, Michigan, USA with trade name
xGnP® Exfoliated Graphite Nanoplatelets. The
platelets had 97% purity, thickness 5–10 nm and,
density 1.9–2.2 g/cm3, (iii) Cloisite® 30B by Rock-
wood Additives, Austin, USA was chosen as the
nanoclay filler. This particular montmorillonite clay
filler has purity over 98%, length between 2–13 µm,
thickness in nano and, density 1.98 g/cm3 and
finally, (iv) nano-titanium dioxide in rutile form
and 99% pure was used by MK Nano, Ontario,
Canada with diameter of 50 nm and density of
4.23 g/cm3. All the nanofillers were used in ‘as
received’ form i.e. no surface modification or func-
tionalisation took place.
The way that the nanofillers were introduced into
the gelcoat was via their inclusion in the plain resin
itself, forming thus a masterbatch. Then, the pro-
duced masterbatch was used as part of the formula-
tion of the gelcoat. The dispersion of the nanofillers
at 2% p.wt into the epoxy resin took place by using
a high shear device. High shear devices include
mixers, dissolvers, 3 roll-mills, etc and introduce
high shear forces via rotating parts and sometimes
turbulent flow, so as to break the agglomerates of
the nanofillers and distribute the fillers uniformly in
the resin.
In this work, for the inclusion of all the nanofillers a
3 roll-mill of ‘S’ series by Exakt®, Norderstedt,
Germany was used. A three roll mill (also known as
calender) is a machine tool that uses the shear force
created by three horizontally positioned rolls rotat-
ing at opposite directions and different speeds rela-
tive to each other to mix, refine, disperse, or homog-
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enize viscous materials fed into it. The three adja-
cent rolls of a three roll mill rotate at progressively
higher speeds. This milling cycle can be repeated
several times to maximize dispersion. The gaps
between the rolls can be mechanically or hydrauli-
cally adjusted and maintained. Typically, the gap
distance is far greater than the particle size. In some
operations, they are gradually decreased to achieve
the desired level of dispersion. Also in the most
advanced versions the rolls can be set so as to pro-
duce constant shear forces and they can also be
heated or cooled independently so as to adjust the
mixture’s viscosity accordingly. The mixture of
resin with the nanofillers was passed twice from the
3 roll-mill with the gap between the rolls to be set at
5 microns and the tip speed was set at 1.25 m/sec,
in the second pass the gap was reduced at 2 µm and
the tip speed further increased at around 1.69 m/sec.
At this point, it must be noted that the gap of 2 µm
was set manually while preparing the masterbatch.
With the Exakt® 120S used there is no way to con-
trol and maintain the gap constant throughout the
mixing operation. For the preparation of the gelcoat
a planetary mixer was used by EM, Italy. Contrary
to conventional planetary mixers, the two blade
configurations sweep the wall of the can clockwise
and rotate in opposite directions at about three
times the speed of travel. The shear blades displace
the material from the walls of the can and by their
overlapping action the center carry the particles
towards the agitator shafts, therefore producing a
large field of shear forces. By this means even
highly viscous and cohesive material can be effi-
ciently mixed. The masterbatch was introduced to
the mixer and then the other fillers were added, one
at a time. The duration of the mixing process was
around 5 hours, the discs employed were impellers
of 70 mm diameter with rotational speed around
200 rpm and, the temperature was set at 80°C. The
mixing ratio of the gelcoat with the liquid hardener
was 100:22 per weight and the curing schedule was
the following: 24 hours room temperature + 12 hours
at 40°C + 2 hours at 80°C + 2 hours at 100°C +
2 hours at 120°C + 2 hours at 140°C + 2 hours at
160°C + 2 hours at 180°C + 12 hours at 200°C and
slowly cooled down to room temperature. The
resulting final mixture was cast in closed metallic
moulds of different thicknesses so as to produce
specimens for various tests.

In order to investigate and evaluate the effect of the
nanofillers on the properties of the epoxy gelcoat
several tests were performed. These tests include
viscosity measurements at room temperature using
a Brookfield rheometer by Brookfield, Boston,
USA and the ASTM D2393 standard. The tensile
coupons were prepared according ISO 527, the
fracture coupons according to ISO 13586 and the
torsion DMA according to ISO 6721. Moreover, the
DC electrical volume conductivity measurements
perfromed by a digital Keithley Electrometer 2000
by Keithley Instruments Inc, Cleveland, USA
according to the IEC 60093 standard and, the ther-
mal conductivity was measured by the C-Therm
TCi, instrument of Setaram, Caluire, France. The
coefficient of linear thermal expansion was meas-
ured by the means of a TMA by Mettler Toledo,
Zurich, Switzerland and according to the ISO stan-
dard 11359-2. Finally the weatherometer test took
place by following the SAE J1885 standard for
300 hours using a Ci3000+ Xenon Weather-Ome-
ter® by Atlas, Chicago, USA.

3. Results and discussion
The first chart (Figure 1) is a comparison of the rhe-
ological properties of the gelcoats with the different
nanofillers against the reference gelcoat at room
temperature. The volume fraction for the nanofillers
was approximately 0.43, 0.31, 0.33 and 0.15% for
the CNTs, the exfoliated nanonographite, the nan-
oclay and the titanium dioxide respectively. It can
be seen that for shear rates of around 10 Hz and
above, all the gelcoats have in practice the same
viscosity. However at lower shear rates the high
aspect ratio of the CNTs and the layered structure of
the nanoclay increased the viscosity of the refer-
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Figure 1. Log-log plot of the rheology properties of the
epoxy gelcoats



ence gelcoat around 30–40%. The above effect is
strongly connected with the structure, morphology,
density, volume fraction and the aspect ratio of the
fillers. Therefore the carbon nanotubes by having a
larger aspect ratio (thinner and longer) and higher
volume fraction than the exfoliated nanographite
have a bigger impact on the resin’s viscosity. More-
over, the nanoclay layers have a high aspect ratio
and each one is approximately 1 nm thick, with their
diameter varying from 30 nm to several microns or
larger having thus a bigger impact on the resin’s
viscosity than the titanium dioxide. Titanium diox-
ide has also lower volume fraction than the nan-
oclay used in this study. Besides, the reference gel-
coat and the nano-doped ones are thixotropic and
therefore no re-agglomeration on segregation was
observed after storing them at room temperature for
more than 90 days. The high polarity of the matrix
is responsible for the thixotropy of the resulting gel-
coats.
At this point it should be noted that given that the
reference epoxy gelcoat is a commercially availi-
able system, the SEM pictures taken to evaluate the
dispersion of the nanofillers cannot be disclosed
since they could also reveal the type of the other
microfillers used for its formulation. The SEM
micrographs revealed that all nanofillers had a good
dispersion and that a quite homogeneous mixture
was manufactured. By stating ‘good dispersion’ the
authors suggest that some small agglomerations
were present but all the produced mixtures were
directly comparable.
In the following Table 1 the results summary from
the tensile tests are given, while Figure 2 shows
representative stress-strain curves for the epoxy
gelcoats. The beneficiary effect of all the nano -
fillers on the tensile properties is obvious. For all
the cases the Elastic modulus, along with the maxi-
mum stress and strain at failure were significantly
increased. The increase of the maximum stress val-
ues was in the range of 35–65% and for the maxi-
mum strain at failure was between 26–97%. The

high aspect ratio of the CNTs, the high surface area
(high interfacial area between nanofiller and poly-
mer) and their excellent mechanical properties:
elastic modulus of around 0.8 TPa, tensile strength
of around 150 GPa and elongation at break larger
than 10%, contributed to the increase of the tensile
properties of the epoxy gelcoats [27–30]. While the
layered exfoliated structure and the platelet shape
of the nanographite is responsible for the enhanced
tensile properties [31–34]. The reinforcing mecha-
nisms of ceramic fillers like the titanium dioxide
and the montmorillonite clay that were used in the
present study have been attributed to their large
surface area and surface reactivity of the inorganic
phase, the corresponding restricted mobility of the
polymer chains and to the increase in the effective
particle volume fraction in the nanocomposite
[35–37].
The fracture properties of the gelcoats can be seen
in Figure 3. Once again the positive effect of the
CNTs and the exfoliated nanographite is demon-
strated. However in the contrary with the tensile
properties, the ceramic fillers bring minor or no
improvement at all. Specifically, in the case of the
nanoclay, the fracture properties have decreased
with respect to the reference system around 8.5%.
The differences on the properties for the organic
and inorganic fillers are assigned to the dissimilar
aspect ratios. A lot of researchers have concluded
that the reinforcing mechanisms of the clays are
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Table 1. Tensile properties of the nanomodified gelcoats versus the reference gelcoat

Gelcoat reference E !max "
[GPa] st.dev [MPa] st.dev [%] st.dev

Rengel SW 5200 5.299 0.024 34.98 2.85 0.670 0.025
Rengel SW 5200 + MWCNTs 5.654 0.039 47.68 5.86 0.850 0.041
Rengel SW 5200 + xnGraphite 5.823 0.064 54.00 3.42 1.160 0.026
Rengel SW 5200 + nClay 5.819 0.066 48.42 5.26 0.970 0.018
Rengel SW 5200 + nTiO2 5.604 0.079 57.84 2.21 1.320 0.023

Figure 2. Stress-strain curves of the epoxy gelocoats



crack arrest, crack pinning, crack bifurcation and
shear deformation [38–40]. The inorganic fillers i.e.
the nanoclay and the titanium dioxide have aspect
ratios between 10–100. On the other hand the CNTs
and the nanographite have aspect ratios greater than
500 (sometimes even 1000) and elongation at break
greater than 10%. Their reinforcing mechanisms
have been revised in the literature and claim that the
significantly large aspect ratio of the fillers which
allows them to act as nano-bridges between the
notch edges. Extra energy is needed in order to pull
them out from the matrix or break them and then
initiate the crack propagation. This extra energy is
then translated into improved fracture toughness
properties [1, 4, 14, 27–30]. When directly compar-
ing the two inorganic nanofillers, it is clear that the
titanium dioxide particles are nanosized and there-
fore they can be more effective on reinforcing the
fracture properties of the polymer than the clays
which are nanosized only through thickness. Also,
by comparing the tensile data of the previous sec-
tion is clear that the inclusion of the nanoclay made
the epoxy gelcoat more brittle than the gelcoat with
titanium dioxide. A more brittle material is less
fracture tolerant and hence the difference on the

fracture properties between the two inorganic
fillers.
The effect of the rigid nanofillers on the glass tran-
sition temperature and on the storage and loss tor-
sion modulus is shown in Table 2. The glass transi-
tion temperature, Tg and the storage modulus G!
remained practically unaffected by the presence of
the fillers. Nevertheless, tan! was decreased around
30% for all the nanofillers i.e. transforming the nan-
odoped epoxy gelcoats into a more ‘elastic’ mate-
rial. Moreover, Figure 4 presents the G! modulus
graph versus the tested temperature range where it
can be seen that the effect of the nanofillers is not
very significant.
In Figure 5. the DC volume conductivity measure-
ments for the gelcoats are depicted. One may high-
light that the inclusion of the conductive fillers i.e.
CNTs and nanographite has further increased the
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Figure 3. Fracture properties of the nanomodified gelcoats
versus the reference gelcoat

Table 2. DMA torsion properties of the nanomodified gelcoats versus the reference gelcoat

Gelcoat reference Tg [°C] G# [Pa] G$ [Pa] tan%
Rengel SW 5200 200.8 2.59·109 3.29·107 0.54979
Rengel SW 5200 + MWCNTs 201.7 2.68·109 3.53·107 0.36472
Rengel SW 5200 + xnGraphite 200.9 2.75·109 2.81·107 0.37041
Rengel SW 5200 + nClay 197.8 2.58·109 3.37·107 0.38239
Rengel SW 5200 + nTiO2 204.6 2.57·109 1.82·107 0.37492

Figure 4. Prime modulus in torsion (G!), versus tempera-
ture for the epoxy gelcoats

Figure 5. Volume conductivity properties of the nanomodi-
fied gelcoats versus the reference gelcoat



conductivity of the reference gelcoat between 2 and
1.5 orders of magnitude. Extensive researches on
carbon nanotubes and their polymers have estab-
lished that CNTs can be conductive, semi-conduc-
tive or even metallic depending on their structure
and that only a small weigh fraction is needed to
form a percolating network in a polymer or in a
composite. The above is directly related to their
graphene structure and their high aspect ratio and
surface area which in turn is translated into electri-
cal conductivity values of 106 to 107 S/m [6, 9–11].
Additionally, the exfoliated nanographite with its
basal plane to be inert (sp2 + ") and identical to the
wall of a carbon nanotube it has analogous electri-
cal properties bringing thus similar improvement on
the electrical properties [5, 8, 16]. The other two
nanofillers actually reduced the electrical conduc-
tivity of the gelcoat about 2 orders of magnitude.
This was expected since their ceramic nature
involves high internal electrical resistance making
thus, the gelcoat less more electrically resistant. At
this point it must be noted that all the electrical
measurement performed for DC frequency and that
AC measurements will be performed as part of the
continuation of this research, along with other tests,
since the hybrid role of TiO2 has to be further inves-
tigated and evaluated [41]. Other tests that are cur-
rently being performed are abrasion resistance,
water and salted water absorption and degradation.
The effect of all the nanofillers on the thermal prop-
erties of the state of the art epoxy gelcoat is shown
in Table 3. All the nanofillers by being thermally
conductive improved the thermal conductivity of

the gelcoat in the range of 8 to 16%. Several research
studies have claimed that the presence of nano -
fillers like the CNTs, nanographite, nanoclay and
titanium dioxide has been beneficial for the thermal
stability of thermoplastics and thermosets. The rea-
son for the abovementioned amelioration is not
only the intrinsic properties of the fillers themselves
i.e. CNTs have high melting point and thermal con-
ductivity of at least 3000 W/(m·K), In systems like
the ones under investigation, the thermal conductiv-
ity difference of the phases as well as the interfacial
thermal resistance between them have a significant
influence on the achieved thermal conductivity of
the final nano-composite, besides the geometrical
characteristics of the nano-fillers. The interfacial
thermal resistance together with the resulting path-
ways define the phonon movement and as a result
the thermal conductivity of the material. CNTs are
able to create a critical path to diffuse thermal
energy at this loading level. Based on an experi-
mental study on thermally conductive composites
filled with platelet-shaped boron nitride particles, it
was suggested that fillers with platelet shape offer
advantages over other spherical or cylindrical mor-
phologies because they can overlap with a large
contact area permitting much closer contact between
adjacent platelets and reducing the thermal contact
resistance [17, 34–39].
In addition, Table 4 depicts the data obtained for the
coefficient of linear thermal expansion (CLTE)
tests. The tests were performed at below and above
the glass transition temperature, Tg, of the reference
gelcoat i.e. 200°C. The effect at the CLTE value of
all the nanofillers below Tg seems to be of no prac-
tical use. Nevertheless, the CLTE values for all the
nano-enhanced epoxy gelcoats are reduced. In other
words the nano-enhanced gelcoats will expand less
than the reference material. Materials expand
because an increase in temperature leads to greater
thermal vibration of the atoms in a material, and
hence to an increase in the average separation dis-
tance of adjacent atoms or polymer molecules in the
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Table 3. Thermal conductivity properties of the nanomodi-
fied gelcoats versus the reference gelcoat

Gelcoat reference Thermal conductivity
[W/(m·K)] st. dev

Rengel SW 5200 0.54 0.0007
Rengel SW 5200 + MWCNTs 0.60 0.0021
Rengel SW 5200 + xnGraphite 0.63 0.0018
Rengel SW 5200 + nClay 0.61 0.0014
Rengel SW 5200 + nTiO2 0.58 0.0011

Table 4. Coefficient of linear thermal expansion values for above and below glass transiton temperature

Gelcoat reference Below Above
Tg [m/(m·°C)] st.dev Tg [m/(m·°C)] st.dev

Rengel 5200 49.98 0.20 128.61 1.10
GC MY510 + MWCNTs 50.01 0.26 107.11 1.90
GC MY510 + xnGraphite 51.11 0.59 120.77 1.47
GC MY510 + nClay 49.60 0.60 112.00 0.91
GC MY510 + nTiO2 50.22 0.42 125.26 1.50



case of thermosets. The size, the high surface area
and the aspect ratio of the the fillers are responsible
for the aforementioned improvement. The nano -
fillers occupy certain space among the polymer
macromolecules making thus their vibration and
their separation more difficult to occur.
Carbon based products ranging from coatings to
wood and plastics form free radicals when exposed
to ultra-violet (UV) radiations. These free radicals
chemically react with oxygen to yield a photo oxi-
dized product which modifies the product appear-
ance and also its mechanical properties. The weath-
erometer (WOM) device uses a combination of
carbon arc, UV radiation and water spray to simu-
late destructive weather conditions in an acceler-
ated manner. Although precise equivalents are
impossible to determine, a practical calculation is:
300 hours in the weatherometer equals one year real
time. The data from WOM tests concern discoloura-
tion and colour fading of the samples and weight
loss. In our study, the reference epoxy gelcoat was
black and it remained black after the addition of the
different nanofillers. As a consequence the dis-
colouration/colour fading data were of no-practical
value with the differences among the five types of
specimens to be trivial. Therefore only the weight
loss percentage data were of significance and are
presented in the Figure 6. The weight loss for the
nano-filled epoxy gelcoats is less than the reference
gelcoat, meaning that the reference samples were
more prone to environmental degradation. In other
words, in a real life situation the nanodoped gel-
coats should have an extended life-time in compari-
son with the RenGel™ SW 5200. Even though
weatherometer results of nanodoped epoxies have
not been previously published in the literature,
there are however studies on the effect of nano -
fillers on the tribology, abrasion resistance and UV
degradation properties of nano-enhanced resins. The
presence of CNT can have a dramatic reinforce-
ment effect on the nature of degradation by both
high-energy radiations, where polymer-free radicals
are mainly responsible for the proliferation of
degradation. In addition, CNT networks can effec-
tively disperse the radiation. The wear rate was
reduced by a factor of 5.5 when the friction behav-
iour of MWCNTs epoxy polymer was studied [42–
43]. As for the ceramic nanofillers, nano titanium
dioxide in rutile form proved to be very effective on

absorbing wavelengths below 350 nm and thus
operating as a pacifier for isocyanate based acrylic
coatings [44]. One may summarise that the use of
nanofillers in the epoxy glecoat have proved their
potential to enhance the resistance of the gelcoat in
harsh environmental conditions.

4. Conclusions
In this work, the effect of the addition of four differ-
ent commercially available nanofillers into a state
of the art epoxy based gelcoat was studied. The
nanofillers were introduced into the gelcoat in the
form of a masterbatch which was prepared by using
a high shear mixing device i.e. a 3-roll mill. The
presence of the nanofillers brought a lot of improve-
ments in the properties of the gelcoats. The afore-
mentioned improvements include the tensile and
fracture properties as well as, the electrical and
thermal ones. The presence of the nanofillers also
decreased the coefficient of linear thermal expna-
sion and made the nanodoped epoxy gelcoats more
resistant to UV degradation. The addition of CNTs
and the exfoliated nanographite lead to an all-
around enhancement of properties, while the addi-
tion of nanoclay and nano-titanium dioxide was
beneficial only for the tensile and thermal conduc-
tivity properties. However the inclusion of the
nanofillers had no practical impact on glass transi-
tion temperature. One of the drawbacks of the intro-
duction of the nanofillers into the resin was the
increase of viscosity which can be an issue of
processability of those materials when composite
manufacturing is considered.
It must be highlighted that the aforesaid improve-
ments in the case of the gelcoats are very important
since the gelcoats are already heavily filled with
various fillers (organic and inorganic) and they
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Figure 6. Weight loss data of weatherometer test of the nano -
modified gelcoats versus the reference gelcoat



have been optimised for all-around good perform-
ance and properties. The extra properties gained by
the addition of the nanofillers therefore are essen-
tial.
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1. Introduction
The negative environmental impact of the steadily
increasing use of plastic and composite materials
requires the development of new combinations of
materials, possibly with improved properties, but
with reduced environmental harm. Consequently,
the development of recycling-friendly thermoplas-
tic composites has become a top priority. In fact,
there is a growing interest to either improve the
methods for recycling and reusing existing compos-
ites, or develop new and intrinsically more suitable
composites. Creating all-polymeric material, espe-
cially self-reinforced polymeric composite material
is an excellent alternative to traditional fiber-rein-
forced composites because both the reinforcing and
the continuous phases involve polymers belonging
to the same family of polymers [1–3]. These poly-

mers can be entirely melted down at the end of their
product life for recycling.
The self-reinforced polymeric composite material
possesses many advantages and features, such as
thermoformability, high stiffness, high tensile
strength, outstanding impact resistance at low den-
sity, and containing no glass [2–5]. Because the
reinforcement and the matrix are compatible chem-
ically; therefore, they usually have no interfacial
problems. Fiber manufactured from a highly ori-
ented form of the same polymer matrix provides
adequate reinforcing strength, resulting in a self-
reinforced polymeric composite material with
improved specific stiffness and specific strength,
especially from the aspect of dynamic toughness
and elongation at break. Additionally, the waste/
scrap materials can be recycled by melting which
satisfies the demand for green material.
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In 1975, Capiati and Porter [6] initially developed a
polyethylene/polyethylene composite and intro-
duced the concept of self-reinforced polymeric
composites. Ward and coworkers [7–11] further
developed this type of composite material using the
‘hot compaction’ technique. Following this study,
opening literatures has reported numerous studies
on the preparation of self-reinforced polypropylene
(PP) [8, 11–17], polyethylene terephthalate (PET)
[4, 9, 18–19], polymethyl methacrylate [20], liquid
crystal copolymer [21–22], polylactic acid [23], and
poly amide [24–26] composites. In particular, the
self-reinforced PP composites are now available on
the market under the trade name Curv®, Armor-
don®, and Pure® [5]. Numerous products, such as
automotive components, luggage, sporting goods
and protective materials already apply self-rein-
forced PP composites.
The main challenge when producing a self-rein-
forced polymeric composite material is combining
the fiber and matrix into one composite. Various
fabrication methods such as hot compaction, over-
heating, co-extrusion, film stacking, and traditional
melting or powder impregnation can produce the
self-reinforced composite materials [2–3]. In most
cases, the hot compaction process produces the
self-reinforced polymeric composites; however,
now Curv® uses it for production. This process
occurs via the partial melting of the fibers so that
the molten outer surface of the fibers becomes the
matrix after cooling. However, the processing win-
dow of hot compaction is small, typically about 5°C
or below between the feasible consolidation tem-
perature and the melting temperature of the fiber. In
2006, Alcock et al. [17] improved the hot com-
paction process using a combination of constraining
and co-extrusion. The processing window for creat-
ing these self-reinforced PP composites can be
enlarged to approximately 20–40°C creating excel-
lent bonding between the co-extruded two types of
PP tapes of different melting temperatures. Presently
manufacturers fabricate Armordon® and Pure® by
applying the co-extrusion technique.
Many studies have explored the film stacking
method for manufacturing self-reinforced poly-
meric composites [15–16, 27–29]. After producing
the reinforced textile structure, it is sandwiched
between films, which should overtake the role of
the matrix after melting and subsequent cooling.

Therefore, the reinforcing and matrix-forming poly-
mer layers and films alternately lie on each other
before producing the hot pressed consolidated com-
posites. The advantages of the film stacking method
include a wide processing window, freedom of
material selection, and no expensive pre-produc-
tion. The film stacking self-reinforced PP compos-
ites were the first to utilize the textile reinforcing
structure [30–31].
The major problem with the aforementioned meth-
ods above for manufacturing self-reinforced poly-
meric composite material is damaging the rein-
forcement, while melting the matrix polymer dur-
ing the forming process. Excessive heating results
in fiber relaxation and ultimately causes the fiber to
lose molecular orientation, whereas, insufficient
heating leads to a poor interfacial bonding between
the fiber and the matrix. Some studies successfully
used a small temperature-processing window to
prepare self-reinforced polymeric composites but
reduce the versatility of the processing route. There-
fore, materials, that maximize the difference in
melting temperatures between the matrix and rein-
forcement polymers, are vital for forming the mate-
rial, while ensuring that the reinforcement fibers
remain unaffected by the consolidation tempera-
ture. Using fibers produced from the same material,
but with different drawing ratios, can enlarge the
processing window. Bárány, Karger-Kocsis and
coworkers [14–16, 32] reported another novel
approach that used the film stacking method to pre-
pare the self-reinforced PP composites by taking the
polymorphism-related difference in the melting
range between the ! and " phases PP. Bárány and
Karger-Kocsis could enlarge the processing win-
dow for creating these self-reinforced PP compos-
ites to 25°C. Alcock etc. [33] increased the size of
the processing window of self-reinforced PP com-
posites to 40°C by exploiting the random copoly-
mer with a lower melting temperature. All of the
previously mentioned efforts have contributed to
the commercialization of self-reinforced PP com-
posites. However, PP has relatively low mechanical
properties, particularly at elevated temperatures.
The potential applications of self-reinforced PP
composite materials are currently limited; there-
fore, exploring combinations of new materials and
extending the processing window is critical.
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In 2004, Hine and Ward researched the hot com-
paction technique with woven poly(ethylene terephth-
late) (PET) multifilaments [9]. The results showed
that hydrolytic degradation occurred rapidly at the
temperatures required for successful compaction.
This led to the embrittlement of the resulting mate-
rials and increased the holding time. In 2005,
Rojanapitayakorn et al. [18] studied the effect of
various hot compaction temperatures on crys-
tallinity, molecular orientation, and mechanical
properties of self-reinforced PET (srPET) compos-
ites. Yao et al. [19] prepared srPET composites by
compressing molding laminations of thin amor-
phous PET films and high crystallinity PET fabrics.
The results revealed that an increase in the holding
time creating a reduced interfacial adhesion and
mechanical properties of srPET composites because
the sample becomes brittle. The authors believed
that thermal and hydrolytic degradation cause the
embrittlement. Therefore, in order to minimize the
degradation, the hot compaction process should be
performed as rapidly as possible.
Bárány, Karger-Kocsis and coworkers [14–16, 34]
studied the processing parameters of self-reinforced
PP composites and concluded that the consolidation
temperature is more suited to control the parameter
than the holding time when the consolidation pres-
sure is invariable. The increase in the consolidation
temperature caused an increase in tensile properties,
but a decrease in the impact energy. An increase in
the holding time did not cause any large changes in
the tensile properties, whereas the impact energy
slightly improved. However, Alcock et al. [12]
reported that the unidirectional self-reinforced PP
composites prepared by co-extruded technique
showed little deviation in the mechanical properties
from temperature consolidation. Khondker et al.
[25] studied the mechanical properties of aramid/
nylon plain knitted composites fabricated by vary-
ing the holding time. They found that the tensile
strength of the reinforcing aramid fiber decreased
significantly with an increasing duration of heat
exposure, whereas the tensile modulus of aramid
fiber was insensitive to the length of heat exposure.
Therefore, tensile modulus and strength of aramid/
nylon composites increase and decrease, respec-
tively, with a longer holding time. It is evident that
the mechanical properties of self-reinforced poly-
meric composite materials are sensitive to both con-

solidation temperature and holding time, depending
on the characters of the constituting materials and
fabrication method.
Based on the aforementioned introduction, this
study is aware of the fact that the exploration of
new materials combinations and ascertaining the
optimal processing conditions are most critical for
self-reinforced polymeric composite materials.
Poly(ethylene terephthalate) (PET), a commercially
available oriented polymer, has the potential to
show more favorable mechanical and temperature
performance than the PP fiber or tape. However,
studies of srPET composite materials are limited.
Therefore, in this study, biodegradable polyester
was uses as matrix material and woven fabric of
PET oriented homopolymer was used as reinforce-
ment for developing srPET composite materials.
The optimal processing conditions such as consoli-
dation temperature and holding time, for this srPET
composite material were investigated.

2. Experimental
2.1. Materials
In this study, biodegradable polyester (Apexa®

4024, Dupont, Japan) in the form of pellets, were
used as the matrix. The measured melting point of
the biodegradable polyester determined by DSC is
198°C (Figure 1). The recommended processing
temperature in the guideline of the biodegradable
polyester resin is approximately 215°C. The viscos-
ity was studied by capillary rheometry (Rheo-tester
1501, Göttfert, Germany) to understand the flow
and impregnation behaviors of the matrix. Figure 2
displays the viscosity behaviors of the polyester
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Figure 1. Thermograms of the polyester resin and the rein-
forcing PET yarn before and after thermal treated



resin at testing temperature of 215 to 235°C. The
average viscosities measured at 215, 225 and 235°C
are 180, 46 and 31 Pa·s. Such high viscosity in the
polyester resin is about two orders higher than that
of a conventional thermoset resin. The conventional
thermosetting processing methods are thus not uti-
lized for the polyester resin and some others must
be developed.
This study used a PET plain-woven construction
fabric as reinforcement. The PET yarn for high
denier industrial (HDI) purpose (grade: dope dyed
color yarn) was provided by Far Eastern New Cen-
tury Corporation, Taiwan (www.fenc.com), consist-
ing of 2000 denier multifilament bundles with tenac-
ity of 7.8±0.3 g/denier and elongation of 14±2%.
Every multifilament bundle consists of 182 fila-
ments with filament diameter of 32 µm. The multi-
filament bundles were dope-dyed in black to imitate
the appearance of carbon fabric. The PET plain-
woven fabric has a fabric weight of 280 g/m2. The
warp and weft direction of the fabric (5 bundles/cm)
balance reasonably well. Double melting points
were obtained for the as received PET plain-woven
fabric with initial melting at 246°C (Figure 1).

2.2. Sample preparation
This study presents a modified film stacking tech-
nique to produce high quality impregnated and void

free srPET composites. To prevent PET fiber shrink-
age and relaxation during the heat consolidating
processing, the fabric was first subjected to a ther-
mal setting for 30 min at 230°C. As shown in Fig-
ure 1, the single and sharp melting point for the
thermal treated PET plain-woven fabric was
obtained at 254°C. A melting temperature differ-
ence between reinforcing fiber and matrix was
56°C. At first, the matrix was prepared into a thin
film form (thickness of 400 µm) using compression
molding at 200°C for 3 min, at a pressure of 5 MPa.
This was followed by quenching the matrix in water
by covering it with Teflon films. The srPET com-
posite lamina with average thickness of ~480 µm
was prepared using the procedure: laid-up one layer
of thermal treated PET fabric on PET thin film at
200°C for 1 min under a pressure of 5 MPa fol-
lowed by quenching in water with the covering of
Teflon films. The srPET laminates were prepared
by stacking five layers of lamina at various Tc and
holding times at a pressure of 10 MPa followed by
slow cooling to room temperature and demolded.
Three consolidation temperatures (Tc: 215, 225, and
235°C) with constant holding time (th: 6.5 min) and
three holding times (3, 6.5 and 10 min) at constant
consolidation temperature: 225°C were selected to
determine the optimal processing conditions. Fig-
ure 3 shows a typical cross-section of the srPET
specimen indicating a good impregnation. In this
experiment, the fiber volume fractions of the srPET
composites were approximately 46%.

2.3. Mechanical tests
In this study, a universal testing machine (AG-
100kNX, Shimadzu, Japan) was used to perform
the tensile and three-point bending flexural tests at
room temperature according to ASTM D3039 and
D790, respectively. Tensile specimens cut from the
prepared srPET samples were 250!25!2 mm3 in
normal dimension and were clamped over an area
of 50!25 mm2 at each end leaving a gauge length of
150 mm. Aluminum tabs were glued onto the ends
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Figure 2. The viscosity behaviors of the polyester resin at
testing temperatures of 215 to 235°C determined
by capillary rheometry under various shear rates

Figure 3. Light microscopic image of a srPET sample’s cross section showing a good impregnation (Tc 225°C/th 6.5 min)



of specimen to aid gripping areas. The grip pressure
was hydraulically controlled. The testing cross-
head speeds were 5 mm/min for the tensile test. The
axial displacement was measured by the machine
according to the movement of the crosshead. Three-
point bending test was conducted to evaluate the
flexural properties of the srPET composites. Speci-
mens in 100 mm long and 12 mm wide by 2 mm
thick were cut from the srPET composite plates. A
span length of 64 mm assured a span-to-depth ratio
of 32, and a crosshead speed of 3.4 mm/min was
adopted. The Izod impact test was performed at
room temperature according to ASTM D256 on a
pendulum impact tester (CPI, Atlas electric devices,
USA) at impact energy of 5.4 J. The impact veloc-
ity used was 3.4 m/sec. The dimensions for the Izod
impact specimen were 63.5!12.7!2 mm3, and were
provided with a 2.7±0.2 mm deep notch. The notches
in the samples were opened by using a notch opener
(QC-640, Cometech testing machines, Taiwan), and
were all with a notch tip radius of 0.25 mm. All the
mechanical properties reported represent the aver-
age value of five readings at least.

3. Results and discussion
3.1. Effects of consolidation temperature, Tc
Figure 4 shows the typical tensile stress-strain
curves of the srPET composites at different consol-
idation temperatures with an identical holding time
(6.5 min). The results revealed a brittle type direct
failure curve for the pure polyester resin. However,
the curves for all the srPET composites displayed
significant yielding and post yield strain hardening,
indicating the reinforcing effect and structural

homogeneity for the srPET composites. The 235°C
sample demonstrates a severely vibrating curve
before the final catastrophic fracture. However, a
relatively smooth curve was observed in the sample
of 215°C. Please notice that the tensile elongation
for the srPET samples of 215 and 225°C is approxi-
mately 14% which is the same as that of the PET
yarn. That means the PET yarn bears most of exter-
nal loads and exhibits its reinforcing effect with the
aid of the protecting polyester matrix. However,
premature fiber breakages were found in the srPET
samples of 235°C. Due to the plain-woven inter-
laced structure, stress concentration occurred on the
fiber bundles around the interlaced point and led to
breakage of the fiber bundles. Two kinds of tensile
damage exist: break-apart (Figure 5a) and split/
delamination (Figure 5b), were noticed for the 215
and 235°C srPET samples, respectively. The failure
modes of 215°C sample are matrix fracture, short-
range delamination, and multifilament bundle break-
age. As for the 235°C sample, many sub-critical
failures occurred after the yield point and caused
the repeated fluctuation in tensile stress. A close
visual observation of the test specimens suggested
that the matrix fracture and shear breakage of the
multifilament bundle over the length of the speci-
men occurred during the failure process. When the
bundle split or experienced breakage, the released
fractured energy dissipated with large amounts of
long-range delamination, resulting in stress vibra-
tion. The difference in tensile damages could be
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Figure 4. Typical tensile stress-strain curves of the srPET
composites at different consolidation tempera-
tures, Tc (th: 6.5 min)

Figure 5. Typical tensile failure images for srPET compos-
ites. (a) break-apart damage for consolidation
temperature, Tc 215°C srPET sample, (b) split/
delamination damage for Tc 235°C SPC sample



attributed to the thermal degradation of the poly-
ester matrix and poor interfacial adhesion at higher
consolidation temperatures.
Please consider that the failure elongation for pure
polyester resin is approximately 1.5%, which is near
the yielding elongation for the srPET composites.
This is clear evidence demonstrating the reinforcing
effect of the srPET composites. The slope between
the yielding to failure point (called the post-yield
modulus) represents the reinforcing efficiency of
the srPET composites. The post-yield modulus
decreased with increasing the Tc and resulted in ten-
sile strength debasement. This post-yield modulus
and strength debasement was due to the thermal
degradation of the polyester matrix and the result-
ing poor interfacial adhesion [8]. Therefore, Table 1
summarizes the four tensile properties: Young’s
modulus, tensile strength, yield strength and post-
yield modulus. The srPET composites reveal a
noteworthy improvement in mechanical properties
compared to the polyester resin. All of the tensile
properties of the srPET composites decrease when
the Tc increases. The srPET composite consolidates
at a low temperature of 215°C, exhibits the highest
modulus of 3.32 GPa, and strength: 95.5 MPa, with
76 and 366% enhancement, respectively, when
compared to the polyester resin. When the Tc ele-
vated from 215 to 235°C, the modulus and yield
strength decreased slightly from 3.32 GPa and
30.5 MPa to 3.01 GPa and 27.7 MPa, which relates
to the loss of orientation of the reinforcing fibers
and the degradation of the polyester matrix [35]. As
for the tensile strength, it decreased from 90.9 to
60.9 MPa, which was due to the thermal degrada-
tion of the polyester resin and poor interfacial adhe-
sion. This means that a higher Tc did not contribute
to impregnation enhancement, but caused matrix
thermal degradation and poor interfacial adhesion.
Table 2 summarizes the flexural and Izod impact
properties of the srPET composites at different con-

solidation temperatures with an identical holding
time (6.5 min). Similarly to the tensile results, the
flexural modulus, and impact energy of the srPET
composites decrease when the Tc increases. The
flexural and impact properties of the srPET com-
posites revealed a large improvement compared to
those of the polyester resin. The pure polyester
sample fractured at 5% flexural deflection, how-
ever, the srPET composites did not collapse within
the crosshead limit. This reveals the prevention abil-
ity from crack propagation by the reinforcing woven
fabric. This study did not find any visible failures in
the bent srPET samples, which demonstrates its
highly tough character. The srPET composite con-
solidates at a low temperature of 215°C and exhibits
the highest flexural modulus: 3.81 GPa, and strength:
66.0 MPa, with 90 and 21% enhancement, respec-
tively, when compared to the polyester resin. When
the Tc elevates above 225°C, the flexural modulus
slightly decreases to 3.49~3.63 GPa, which is still
much higher than that of polyester matrix with
value of 2.10 GPa. However, there is no difference
in flexural strength between the srPET composites
and the pure matrix material. This indicates a poor
interfacial adhesion between the reinforcing fabric
and matrix.
Table 2 shows the resulting notched Izod impact
energy of the srPET composites, which exhibited
extremely high impact absorption properties, when
compared to the pure polyester resin. Unlike the
impact fracture that occurred in the pure polyester
sample, the srPET composites failed in a tough
manner with tensile and compressive failures, and
did not break apart (Figure 6). The figure revealed
the prevention ability of the crack propagation by
the reinforcing woven fabric. When the impactor
encountered the srPET specimen, the fiber-bundle
breakage occurred around the notched side first,
while compressive force amassed around the other
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Table 1. Tensile properties for the srPET composites pro-
duced at different consolidation temperatures

*Pure polyester samples prepared at Tc: 200°C/th: 3 min

Tc [°C]/th [min]
Tensile

modulus
[GPa]

Tensile
strength
[MPa]

Yield
strength
[MPa]

Post-yield
modulus

[GPa]
PET* 1.87±0.06 20.5±7.1 NA NA
215/6.5 3.32±0.06 90.9±0.6 30.5±0.6 0.49±0.02
225/6.5 3.23±0.03 85.0±3.2 28.8±2.8 0.47±0.03
235/6.5 3.01±0.13 60.9±3.2 27.7±2.3 0.32±0.02

Table 2. Flexural and impact properties for the srPET com-
posites produced at different consolidation temper-
atures

*Pure polyester samples prepared at Tc: 200°C/th: 3 min

Tc [°C]/th [min]
Flexural
modulus

[GPa]

Flexural
strength
[MPa]

Impact
energy
[J/m]

PET* 2.01±0.10 54.6±2.7 13.5±1.6
215/6.5 3.81±0.07 66.0±0.6 715.6±82.0
225/6.5 3.63±0.08 55.8±0.8 685.9±9.1
235/6.5 3.49±0.04 55.1±0.2 493.3±78.4



side of specimen. Due to the laminated nature and
integrity of the woven fabric architecture, this study
observed fiber bundle breakage near the notch area
followed by extensive delamination along the inter-
laminate interface. Figure 7 shows a typical 45°
compressive shearing failure occurring on the com-
pressive side of the srPET samples that accompany
the fiber breakage (kink and buckle), the matrix
crush, and delaminations. The srPET composite con-
solidates at 215°C, elevates the impact energy from
the value of 13.5 J/m for pure polyester resin to
715.6 J/m, with a 53-fold enhancement. Due to the
loss orientation of reinforcing fibers and the degra-
dation of the polyester matrix at high Tc, the impact
energy decreased up to 31% when Tc increased.
However, the impact energy for the 235°C sample
is 493.3 J/m, which still has a 37-fold enhancement
to the pure polyester resin.

3.2. Effects of holding time, th
Figure 8 shows the typical tensile stress-strain
curves of the srPET composites at different holding
times (3, 6.5, and 10 min) with Tc at 225°C. The
break-apart damage (Figure 5a) was found for the
3 min sample, while the split/delamination damage
as shown in Figure 5b was noticed for long holding
time srPET samples: 6.5 and 10 min. It is notewor-
thy to check the effect of holding time on the initial
modulus, post-yield modulus, and tensile strain.
Little deviation of the initial modulus and post-
yield modulus with holding time was evidence for
samples consolidated at 225°C with comparable
fiber orientation and interfacial adhesion. The ten-
sile strain decreased with the increasing th. This pre-
mature failure for long holding time samples was
attributed to the degradation and embrittlement of
the polyester matrix [9, 19, 25]. Tensile properties:
Young’s modulus, tensile strength, yield strength
and post-yield modulus were thus determined and
summarized in Table 3. When the th prolonged from
3 to 10 min, the tensile strength decreased slightly
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Figure 6. Photograph of the Izod impact tested srPET spec-
imen

Figure 7. A typical 45° compressive shearing failure occurs in the compressive side of srPET composites accompany with
fiber breakage, matrix crush, and delaminations

Figure 8. Typical tensile stress-strain curves of the srPET
composites at different holding times, th (Tc:
225°C)



from 95.5 to 77.7 MPa, which relates to the degra-
dation and embrittlement of the polyester matrix.
This study shows that the best tensile strength had a
value of up to 95.5 MPa when sampled at a 3 min
holding time, which is a 4.7-fold enhancement over
that of the pure polyester resin.
Table 4 summarizes the flexural and Izod impact
properties of the srPET composites at different
holding times with Tc at 225°C. A slight influence of
the flexural properties with holding time was evi-
denced for samples consolidated at 225°C with
comparable interfacial adhesion. The srPET sample
with 3 min holding time, exhibited the highest flex-
ural properties. The srPET sample with a holding
time longer than 6.5 min at 225°C, exhibited the
same flexural strength as pure matrix material. This
caused a premature failure of the interphase due to
the degradation and embrittlement of the polyester
matrix.
The impact energy of the srPET composites
decreased when the holding time increased, from
811.3 to 422.4 J/m at Tc 225: clear evidence that
degradation and embrittlement of the polyester
matrix took place at Tc above 225°C. The rapid
process (th: 3 min) for srPET composite consoli-
dated at 225°C elevated the impact energy from
value of 13.5 (polyester matrix) to 811.3 J/m, with a
60-fold enhancement.

To summarize the srPET composites study, the pro-
cessing conditions proved to influence the mechan-
ical properties of the srPET composites sig nificantly,
such as with consolidation temperature and holding
time. This is due to the degradation and embrittle-
ment of the polyester matrix. Optimal process con-
ditions including a consolidation temperature of Tc:
215°C and a holding time of th: 3 min, were thus
conceived. As revealed in Table 3, its tensile
strength increases further from 95.5 to 119.1 MPa.
In addition, the flexural modulus and strength
improve further to 4.21 GPa and 81.0 MPa, respec-
tively (Table 4). The impact energy for the optimal
processed srPET sample elevated from value of
13.5 (polyester resin) to 854.0 J/m, with a 63-fold
enhancement.

4. Conclusions
In this study srPET composites were prepared by
utilizing the modified film stacking technique to
laminate a thin polyester film and woven PET fab-
rics. Experimental results showed that the srPET
composites display significant improvement in their
tensile, flexural, and impact properties when com-
pared to the non-reinforced polyester matrix. Due
to the degradation and embrittlement of the poly-
ester matrix, the mechanical properties strongly
affected the consolidation temperature and holding
time. The srPET composites with a low consolida-
tion temperature at 215°C and a short holding time
of 3 min displayed the best mechanical properties.
The tensile strength, flexural modulus and strength
were largely improved to 119.1 MPa, 4.21 GPa and
81.0 MPa. The absorbed impact energy of the best
srPET composites was 854.0 J/m, which is 63 times
that of pure polyester resin.
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1. Introduction
Endless carbon and glass fibre reinforced compos-
ite structures (CFRP, GFRP) are recognized as hav-
ing the greatest lightweight construction potential
of all materials. Hence, CFRP and GFRP are repre-
senting significant materials for all branches of the
industry where large masses have to be moved or
weight has to be saved. Besides the field of mobil-
ity, including the aircraft, the automotive, the marine
and the railway sector, the need of components
based on fibre reinforced composites is particularly
increasing within the field of energy, e.g. wind tur-
bines, heavy-duty pipeline elements for off-shore
applications and electronics, as well as within the
field of sports and leisure.
In particular CFRP is characterized by high stiff-
ness and strength, excellent corrosion resistance as

well as high static and dynamic loading. An out-
standing property of CFRP can be found within the
potential of significant weight reduction compared
to metallic materials, e.g. up to 30% for aluminium.
Thus, in order to contribute significantly to energy
and CO2 savings by use of intelligent light weight
constructions within the mobility sector as well as
to supply optimized manufacturing processes, the
use of CFRP will play an increasing role.
Although thermoset polymers mainly based on
epoxy resins are representing the predominant kind
of CFRP matrix materials, reinforced composites
on the basis of thermoplastic polymers (TPC) are of
rising interest for a quick and reliable component
formability manufacture process. The potential of
TPC parts inside the forming process is the ability
of in-situ consolidation in just one process step.
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Thermoplastics offer several benefits such as uncrit-
ical and unlimited storage time, a better impact tol-
erance compared to thermoset matrices, a good
ultimate strain performance, reduced crack propa-
gation, excellent chemical resistance and quick
forming process ability. They are recyclable and
customized laminates and matrices are available
within a wide range. The most significant advan-
tage over thermoset based composites is their weld-
ability [1–5].
A today’s barrier for a comprehensive dissemina-
tion of TPC structures is the lack of economic, quick
and reliable component manufacture processes. To
overcome this deficit, fully-automated process
chains for the manufacturing and assembly of ther-
moplastic composites have to be developed in order
to achieve production rates and cycle times (<1 min)
required by automotive and aircraft industry as well
as the civil engineering sector [6, 7]. Integrated
process cells can be adapted to specific material
requirements and to new process elements includ-
ing laser based techniques for cutting applications
[8–10].
Today, different cutting techniques like milling or
water jet cutting are used, revealing respective
advantages and disadvantages [11–14]. Laser cutting
using high power laser sources offers many advan-
tages, such as no tool wear, no water or moisture
uptake and highest feed rates. However, the high
temperatures reached within the cutting zone could
damage the structural properties of the material.
In [15–17] the authors describe the interaction
between the laser radiation at different wavelengths
and several polymeric materials, comprising unre-
inforced plastics as well as short and long fibre
reinforced composites. As reinforcements, carbon,
aramid and glass fibres have been used. In these
publications, the focus is mainly put on the investi-
gation of the influence of the applied laser parame-
ters on the resulting cut quality of the respective
polymeric material. Therefore, e. g. kerf geometry,
roughness, dimension of the burr and global extent
of the heat influenced zone have been analyzed.
The aim of this paper is to analyze the influence of
the laser impact on TPC laminates with respect to
the cohesion from matrix to fibre inside the heat
affected zone. In this context, interlaminar shear
strength tests are performed. The results are com-
pared to those of conventionally treated samples.

2. Experimental set-up
2.1. Material characterization
The endless carbon fibre reinforced plastic used
within the frame of the investigations is a semicrys-
talline polyphenylene sulfide (PPS) thermoplastic
composite based on high tenacity (HT) fibers. The
laminates (consolidated Cetex® plates, provided by
TenCate Advanced Composites bv, The Nether-
lands) consist of harness satin carbon weaves in
0°/90° fiber orientations [0/90]n. The fiber volume
content is VG = 50% with a mass per unit area of
QC = 285 g/m2. The material offers outstanding
toughness and excellent chemical and solvent
resistance. It is inherently flame resistant with low
smoke emission. The cutting experiments presented
here were performed using four different laminate
thicknesses which are summarized in Table 1. In
Figure 1, the fabric structure of the TPC material as
schematic drawing as well as a real surface in con-
junction with cross sections is shown.
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Table 1. Classification of TPC material
Laminate thickness s [mm] 0.93 1.24 2.17 3.10
Number of layer n [–] 3 4 7 10

Figure 1. Fabric structure, surface and cross sections of
thermoplastic composite laminate in 0°/90° plate
lay-up



2.2. Laser source and cutting configuration
The cutting experiments were performed using a
disc laser (HLD 3001.5, Trumpf Laser GmbH + Co.
KG, Schramberg, Germany) emitting at a wave-
length of ! = 1030 nm. The laser radiation is guided
by an optical fibre with a diameter of dopt = 150 !m
to a laser working head, which focuses the laser
beam inside the work piece. The adapted cutting
head is based on main components provided by
Rofin-Sinar Laser GmbH, Hamburg, Germany.
Using a focusing lens with a focal length of f =
200 mm, a laser beam focus of df = 150 !m is gen-
erated. The laser provides an output power of PL =
2 kW. As process gas, N2 at a working pressure of
pN2 = 0.9 MPa was applied. The cutting process was
realized by moving the TPC specimen relative to
the laser working head using a linear axis (PS01-
37"240, NTI AG – LinMot & MagSpring, Spreiten-
bach, Switzerland).
The choice of the applied laser parameter settings
will certainly affect the cut quality achieved, and
therefore will also affect the static strength of the
TPC specimens. To exclude the influence of imper-
fect cutting parameters and to achieve comparable
results to other cutting technologies, optimum
parameters were found by parameter variation and
then applying them to manufacture the test speci-
mens. The cut quality was rated according to the
following criteria: constant laser power independ-
ent on the laminate thickness, small kerf width and
high optical quality (e.g., little charring). For each
material thickness, the maximum feed rate allowing
a reliable cutting result was determined, resulting in
a specific energy per unit length Es. The relation
between Es, the laser power PL and the feed rate vf is
given in Equation (1):

                                                              (1)

After identification of the appropriate processing
parameters the following dependency between the
energy per unit length Es as well as the number of
layers n and the laminate thickness s, respectively,
was found (Figure 2).
In Figure 2, a linear dependency between Es and n
becomes apparent. Therefore, an adapted increase
of the applied energy in accordance with the lami-
nate thickness is guaranteed.

2.3. Material testing
Interlaminar shear strength tests according to DIN
EN 2563 were performed. For reasons of compari-
son, reference specimens were prepared by milling
as well as by abrasive water jet cutting. The milled
specimens were manufactured using an FP4 Dialog
11 by DMG, Muenchen, Germany. The water jet
equipment consists of a waterknife pump by Flow
Europe GmbH, Bretten, Germany in conjunction
with a cutting head of BHDT GmbH, Kapfenberg,
Austria. Within the frame of the cutting process,
garnet sand of Mesh 80 by GMA GARNET (Europe)
GmbH, Hamburg, Germany was used.
The specified test method evaluates the quality of
the fiber-matrix-adhesion. Therewith, the maxi-
mum shear stress of each individual specimen at the
moment of the first failure is calculated. First fail-
ure occurs if the specimen fails in shear approxi-
mately in the neutral axis.
For each thickness of the TPC laminate, specimens
at a length of l0 = 20 mm and a width of b0 = 10 mm
were prepared. The length of the specimen is paral-
lel to the warp direction of the fabrics. The rectan-
gular specimen is positioned perpendicular and
tested of flexure on two supports with a radius of rt =
3 mm and a distance of lt = 10 mm between them.
The load is applied at the center of the specimen by
means of a loading nose with a same radius r at a
constant displacement rate of vt = 1 mm/min until the
moment of first failure. The corresponding bending
strain is measured simultaneously.

Es 5
PL

vf
Es 5
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vf
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Figure 2. Applied energy per unit length of laser cutting
experiments for different TPC laminate thick-
nesses



The bending tests were performed using a universal
test machine Zwick Z250 providing an accuracy of
1% of the load range in conjunction with a control
software Test XPert 11.0, which records the load
applied as a function of displacement of the loading
nose. The tested specimens were inspected by
preparation of optical micrographs in order to make
sure that only interlaminar failure occurred, so fibre
breakage has no influence on the bending results. In
this case the interlaminar shear strength can be cal-
culated according to DIN EN 2563.
Each test result was verified by testing seven identi-
cal specimens. All tests were performed at standard
atmosphere with 23°C and 50% humidity. In order
to visualize the cutting zone, optical micrographs
were prepared.

3. Results and discussion
In the following, the quality of the laser cuts
achieved is discussed and compared to the cut qual-
ity of conventional machining with a special empha-
sis on the extent of the thermal damage to the TPC.
The results from the static interlaminar shear tests
are given and correlated with the cut qualities iden-
tified.

3.1. Achievable cut quality
As expected, milling as well as abrasive water jet
cutting produces cuts of high optical quality. No
delamination or free fibre ends were observed. The
laser cut samples clearly show an extended heat
affected zone starting from the cutting kerf into the

thermoplastic composite with changed material
properties, visible by varying light reflections. In
Figure 3, a cross section of a TPC disc laser cut
generated using a laser output power of PL = 2 kW
for an n = 10 layer arrangement with a thickness of
s = 3.1 mm is shown.
Different areas within the HAZ have been identi-
fied, in which the material damage occurs in a dif-
ferent manner. The induced temperature gradient,
arising from the high thermal conductivity of the
HT-fibres along the fibre axis (!c = 17 W/(m·K))
and starting at the cutting kerf towards the inner
bulk material, influences the composition of the
thermoplastic matrix system. Close to the cutting
edge, damaged areas are detected between the sin-
gle carbon fibre fabrics (interlaminar) as well as
within the rovings themselves. In this zone, the PPS
matrix is vaporized and the carbon fibres are
charred ("1). Adjacent to this area, it is supposed
that mainly matrix damage occurs due to exceeding
the decomposition temperature of TV = 370°C for
PPS ("2). An in-situ determination of the process
temperature within the composite has not been real-
ized. With increasing distance to the cutting edge,
pure interlaminar effects, i.e. structural modifica-
tion within the PPS matrix depots between the car-
bon fibre rovings, become visible. Porosities are
detected within the polymer matrix, whereas the
carbon fibre fabric remains intact ("3). The inclu-
sion of pores within TPC laminate structures is well
known from the thermoforming process of such
materials, in case of applying insufficient molding
pressures during the consolidation phase. In this
context, the pores are generated due to mechanical
inclusion of air after reaching the PPS melting tem-
perature of Tm = 285°C. Therefore, it can be stated
that the intersection between HAZ and unmodified
bulk material is determined by re-solidification of
the polymeric PPS matrix.
A quantitative analysis of the laser cut specimens
revealed an increase of the HAZ with increasing
material thickness at constant PL. In Figure 4, the
extensions of the different areas identified within
the HAZ are presented for all 4 layer arrangements.
For the evaluation of the respective HAZ area "k,
k ! {1, 2, 3}, the micrographs were separated into
3 horizontal sectors, which were measured inde-
pendently of each other, providing a mean value for
each material thickness.

                                              Jaeschke et al. – eXPRESS Polymer Letters Vol.5, No.3 (2011) 238–245

                                                                                                    241

Figure 3. Optical micrograph (cross section) of laser cut
TPC specimen for an n = 10 layer arrangement
and characteristic regions within the heat affected
zone identified



3.2. Interlaminar shear strength tests
In order to investigate the influence of the resulting
HAZ during laser cutting of TPC on the material
properties, interlaminar shear stress measurements
were performed. For all composite thicknesses,
seven specimens were tested. As reference for the
laser cut samples, additional specimens were pre-
pared by milling as well as abrasive water jet cut-
ting technique. The corresponding results of the
interlaminar shear strength investigations are
shown in Figure 5. The mean values and the respec-
tive standard deviations are indicated. For a better
overview, within Figure 5 as well as within all fol-
lowing figures, the determined measuring values
are spread around the respective center number of
layer. All measurements were performed for n = 3,
4, 7 and 10 layers.

Overall, an increase of the interlaminar shear
strength #with increasing thickness of the TPC lam-
inate becomes obvious. Since # depends on the size
of the load bearing area which is determined by the
width and the thickness of a respective specimen,
this measuring value is no material constant but
mainly used for comparative investigations. In this
case # is used for a comparison of laser and conven-
tionally treated specimens. The highest interlaminar
shear strengths # are observed for milled specimens.
For laminate arrangements consisting of 3 and 4 lay-
ers, abrasive water jet and laser machined speci-
mens reveal interlaminar shear strengths on a simi-
lar level. With increasing material thickness, the
measured interlaminar shear strengths of laser cut
specimens decreases in terms of the curve progres-
sion of the water jet treated samples.
In Figure 6, the corresponding bending strains # for
tested specimens generated with all 3 cutting tech-
niques are shown. The values of milled as well as
abrasive water jet machined specimens reveal a
comparatively constant behaviour, independent on
the material thickness. In contrast, for laser cut CF
PPS, the bending strain significantly increases with
increasing number of layers. A linear relation
between $ and n becomes apparent. Overall, the
laser processed specimens show higher bending
elongations compared to conventionally treated
samples.
In order to analyze the reduction of the interlaminar
shear strength in case of laser treatment, the differ-
ences in # with respect to milling and abrasive water
jet machining are calculated. In Figure 7, these dif-
ferences $# are plotted against the number of layers
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Figure 5. Interlaminar shear strength for different process-
ing technologies as a function of laminate thick-
ness

Figure 6. Bending strain for different processing technolo-
gies as a function of laminate thickness

Figure 4. Different regions of the heat affected zone as a
function of material thickness



n. Additionally, the bending strain $ as well as the
maximum extent of the heat affected zone "3 are
added into the graph. Two main aspects can be
drawn from the data. Firstly, with increasing extent
of the heat affected zone, the measured bending
strain increases as well. Secondly, the progression
of the bending elongation of laser processed TPC
specimens is directly mirrored in the difference
curves of the interlaminar shear strengths $#. Obvi-
ously, the larger the influence of the thermal cutting
process on the material properties of the composite
laminate, the lower the interlaminar shear strength
and the higher the measured corresponding bending
strain.
Taking into account the resulting heat affected zone
due to laser impact, it is assumed that the HAZ par-
tially reduces the load bearing area of the material
as a consequence of missing or reduced fibre-
matrix-adhesion at the edges of the specimens. As a
result of this, the effective width of the laser cut
specimens within the bending test is smaller com-
pared to those of the conventionally machined sam-
ples. Correspondingly, the bending strain $ increases
in case of laser cut TPC.
For bending tests, the interlaminar shear strength #0
can be derived from Equation (2), where Fmax is the
maximum bending force applied at the respective
failure of the sample, s the thickness and b0 the
width of the test specimen.

                                                   (2)

Considering the formation of a heat influenced zone
at the edges of the specimen in case of laser treat-
ment, Equation (2) can be expressed as Equa-
tion (3):

                                               (3)

comprising an actual interlaminar shear strength #eff
and an adapted specimen width beff, which is a
function of the extent of the HAZ. Therefore, beff
can be formulated as Equation (4):

beff = b0 – 2 · !k with k ! {1, 2, 3}                    (4)

Using Equation (3) and (4), actual interlaminar
shear strengths were calculated in consideration of
"k, which were derived from cross sections ana-
logue to the approach presented in Figure 3 and for
which the corresponding mean values are given in
Figure 4. In Figure 8, the resulting curve progres-
sions for #0 as well as for #eff for the areas "1 and "2
of the HAZ at varying laminate thickness are shown.
In accordance with the prediction with respect to a
reduced load bearing area as a consequence of laser
impact, a significant increase of #eff especially for
higher n, corresponding to a higher degree of mate-
rial damage becomes apparent. In relation to the
interlaminar shear strengths achieved for conven-
tionally processed specimens (Figure 5), it can be
stated that #eff ("2) is found on a same level. Solely,
for the n = 10 layer laminate, #eff ("2) still declines

teff 5
3 ? Fmax

4 ? s ? beff

t0 5
3 ? Fmax

4 ? s ? b0
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Figure 7. Bending strain and maximum extent of HAZ of
laser processed specimens as well as differences
in interlaminar shear strength between laser and
conventionally treated CF PPS as a function of
laminate thickness

Figure 8. Progression of actual interlaminar shear strength
for laser machined specimens as a function of
laminate thickness



to values of approx. #eff = 70 MPa, which is still
lower than milled or water jet treated samples.
Since #eff ("2) already reaches the range of achiev-
able interlaminar shear strengths provided by con-
ventional cutting processes, "2 of the HAZ as
crucial value determining the degree of decreased
load bearing area is deduced. It can be stated that
the area of re-solidified polymeric PPS matrix of
the HAZ ($"32 = "3 – "2) marginally influences the
load transmission during the bending test. This is
applicable for thin laminates, n % 7 layers, whereas
for thicker composite structures, a trend towards a
deeper interlaminar damage due to laser impact in
conjunction with extensive heat conduction is
found. However, even for n = 10, #eff ("3) provides
interlaminar shear strengths far above the curves of
milling as well as abrasive water jet processed sam-
ples, for which reason the corresponding data for "3
is excluded in Figure 8. Overall, the use of high
power laser cutting technique is of special interest
in case of thin composite laminates, for which this
technique is most applicable.

4. Conslusions
Within this paper, investigations on whether ther-
mal damage by high power laser processing reduces
the interlaminar shear strength properties of endless
carbon fibre reinforced thermoplastic composite
materials are given. To achieve this, test specimens
were cut from semicrystalline polyphenylene sul-
fide composite laminates based on HT fibres in har-
ness satin carbon fabrics in [0/90]n fiber orienta-
tions with a thickness of 0.93 to 3.1 mm. The
following conclusions can be drawn from the inves-
tigations:
1. For laser machined specimens, a heat affected

zone (HAZ) starting at the cutting edge can
clearly be detected. A quantitative analysis of the
laser cut specimens revealed an increase of the
HAZ with increasing material thickness at con-
stant laser output power. The HAZ is classified
into three areas, in which the material damage
occurs in a different manner.

2. Interlaminar shear strength tests reveal a reduc-
tion of the maximum shear stresses for laser cut
specimens compared to conventionally treated
samples, provided by milling as well as abrasive
water jet technique. Within the laser working

range, an increase of the achievable shear
strengths for a distinct material thickness with
decreasing extent of the HAZ is found. There-
fore, for comparably thin laminate arrange-
ments, interlaminar shear strengths of laser
machined specimens converge to those of con-
ventionally treated TPC samples.

3. The corresponding bending strains reveal a com-
paratively constant behaviour for conventionally
processed specimens, independent on the mate-
rial thickness. In contrast, for laser cut CF PPS,
the bending strain significantly increases with
increasing material thickness and caused lower
E-modulus. For specified loading conditions,
e.g. about impacts, the laser processed speci-
mens show higher bending elongations com-
pared to conventionally treated samples.

4. Taking into account the different areas of the
HAZ, actual interlaminar shear strengths for
laser treated specimens have been calculated. A
reduced load bearing area has been identified as
main factor for the reduction of interlaminar
shear strengths achieved.
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1. Introduction
Polymer materials often experience micro-cracks
during their service. Self-healing polymeric materi-
als have the built-in capability to substantially
recover their load transferring ability after damage.
This field of self-healing materials is a relatively
new one, beginning in the early 1990s, with the
majority of the research occurring in the past
decade [1, 2]. The ring-opening metathesis poly-
merization of dicyclopentadiene (DCPD) [3, 4],
addition and ionic polymerization of epoxy [5],
condensation polymerization of polysiloxane [6],
organic solvents [7] and isocyanates [8], have been
reported for automatically repairing cracks in poly-
mers at room temperature.

Several researchers [5, 9–11] have successfully
measured fatigue-crack propagation in epoxy resins.
Brown and coworkers [5, 9] investigated the effect
of embedded urea-formaldehyde (UF) microcap-
sules on the monotonic fracture properties of a self-
healing epoxy. In addition to providing an efficient
mechanism for self-healing, the presence of liquid-
filled microcapsules increased the virgin monoto-
nic–fracture toughness of epoxy by up to 127%.
The increased toughening was correlated with a
change in the fracture plane morphology from mir-
ror-like to hackle markings with subsurface micro-
cracking. The addition of microcapsules to an
epoxy matrix significantly increased the resistance
to crack growth under dynamic loading conditions.

                                                                                                    246

Fracture behaviour of a self-healing microcapsule-loaded
epoxy system
J. Lee1*, D. Bhattacharyya1, M. Q. Zhang2, Y. C. Yuan2

1Centre for Advanced Composite Materials, Department of Mechanical Engineering, The University of Auckland, Private
Bag 92019, Auckland 1142, New Zealand

2Key Laboratory for Polymeric Composite and Functional Materials of Ministry of Education, Materials Science Institute,
Zhongshan University, Guangzhou 510275, PR China

Received 21 July 2010; accepted in revised form 14 December 2010

Abstract. The effect of temperature on the fracture behaviour of a microcapsule-loaded epoxy matrix was investigated.
Microencapsulated epoxy and mercaptan-derivative healing agents were incorporated into an epoxy matrix to produce a
polymer composite capable of self-healing. Maximum fracture loads were measured using the double-torsion method.
Thermal aging at 55 and 110°C for 17 hours [hrs] was applied to heal the pre-cracked samples. The addition of microcap-
sules appeared to increase significantly the load carrying capacity of the epoxy after healing. Once healed, the composites
achieved as much as 93–171% of its virgin maximum fracture load at 18, 55 and 110°C. The fracture behavior of the micro-
capsule-loaded epoxy matrix was influenced by the healing temperature. The high self-healing efficiency may be attributed
to the result of the subsurface micro-crack pinning or deviation, and to a stronger microencapsulated epoxy and mercaptan-
derivative binder than that of the bulk epoxy. The results show that the healing temperature has a significant effect on recov-
ery of load transferring capability after fracture.

Keywords: fracture and fatigue, polymer composites, smart polymers, self-healing, microcapsules

eXPRESS Polymer Letters Vol.5, No.3 (2011) 246–253
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2011.24

*Corresponding author, e-mail: jim.lee@auckland.ac.nz
© BME-PT



Caruso et al. [7] reported for solvent-based self-
healing of epoxy materials an autonomic system
yielding complete recovery of fracture toughness
after crack propagation. Kamphaus et al. [12] used
WCl6 as a catalyst precursor for the ring-opening
metathesis polymerization of exo-dicyclopentadi-
ene in self-healing epoxy applications. Li et al. [13]
have reported that the diameter of the poly
(melamine–formaldehyde) (PMF) microcapsules
containing DCPD has a significant influence on the
self-healing efficiency.
In this work, microencapsulated epoxy and mercap-
tan-derivative were incorporated into epoxy resins.
The fracture behavior of microcapsules-loaded
epoxy matrix was investigated for the effect of tem-
perature. It is found that the suitable healing tem-
perature has a significant effect on the healing of
the microcapsule-loaded epoxy matrix, thereby
influencing the fracture behavior.

2. Experimental
2.1 Materials and sample preparation
Two types of epoxy resin were employed. One was
diglycidyl ether of bisphenol A (ECS epoxy and
ECS winter hardener, Uroxsys Ltd., East Tamaki,
New Zealand) acting as the matrix polymer, and the
other was diglycidyl tetrahydro-o-phthalate (DTHP,
Jindong Chemical Plant, Tianjin, China) with epox-
ide equivalence weight of 0.65 mol (100 g)–1, den-
sity of 1.24 g·ml–1 at 20°C, and viscosity of 0.36 Pa·s
at 25°C as the polymerizable component of the
healing agent. Accordingly, two types of curing
agent were used. They are diethylenetriamine
(DETA) supplied by Shanghai Medical Group
Reagent Co. (Shanghai, China) working for pen-
taerythritol tetrakis (3-mercaptopropionate) (PETMP)
with a boiling point of 275°C at 1 mmHg, density
of 1.28 g·ml–1 at 20°C, and hydrosulfide group con-
tent of 26.55%, purchased from Fluka Chemie AG
(Buchs, Switzerland). The catalyst benzyl dimethy-
lamine (BDMA) with boiling a point of 183.5°C
was purchased from Shanghai Medical Group
Reagent Co. (Shanghai, China).
DTHP (400.0 g) was added to a 2wt% aqueous
solution of sodium styrene–maleate copolymer
(1200 ml). The mixture was vigorously stirred for
5 min and then a few drops of 1-octanol were added
to eliminate surface bubbles of the epoxy emulsion.
The prepolymer of melamine (62.5 g) and 37%

formaldehyde (135.5 g) was synthesized at 70°C
for 30 min and pH value of the solution was kept at
about 9–10 by adding triethanolamine. Subse-
quently, the prepolymer solution was added to the
above epoxy emulsion at 50°C with continuous agi-
tation for 1 hr while pH value of the system was
kept at about 3 by adding citric acid. Eventually, the
reaction mixture was cooled down to room temper-
ature and the deposit of microcapsules was sepa-
rated through a Buchner funnel, rinsed with deion-
ized water and vacuum dried. The microcapsules
containing the hardener were prepared in two steps.
Firstly, mercaptan-derivative was microencapsu-
lated in a similar way as that adopted in making
epoxy-loaded microcapsules. Then, the microcap-
sules were uniformly dispersed into catalyst solu-
tion (BDMP) at 40°C for a certain time (0.5–
24 hrs), filtrated, rinsed with ethyl ether and dried at
room temperature.
The unfilled epoxy specimens were produced
through mixing 4.55 parts Uroxsys ECS resin with
1 part hardener, while the self-healing epoxy com-
posites were prepared by mixing 5% of the micro-
capsules containing epoxy and its hardener. Either
the unfilled epoxy or the filled version was poured
into a closed silicone rubber mold, degassed and
cured for 24 hrs at room temperature.

2.2. Fracture test
All the tests were conducted in an Instron 1186
mechanical testing machine (Instron, Norwood,
MA, USA) to determine extension and maximum
load using the three-point bending configuration.
Steel devices were fabricated to fix test specimens
for the double-torsion test. Prior to testing, a notch
was molded and then sharpened by tapping a fresh
razor blade in to the material. 3–5 samples were
tested for each condition. The samples were cut to
60 mm!100 mm size with 10 mm notch and side
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Figure 1. An illustration of the sample loading configura-
tion



grooves along the centreline of the sample. Figure 1
illustrates the basic geometry of the experimental
setup. For fracture tests a pin loading and constant
displacement rate condition with 0.2 mm/min were
used until the crack length was ~2 mm. The above
samples were unloaded, healed and tested again
after 17 hrs from initial fracture event at 18, 55 or
110ºC. Healing efficiencies were determined by
comparing the healed peak loads to the virgin peak
loads.

2.3. Characterization
2.3.1. Optical images and scanning electron

microscope (SEM)
The appearance of the microcapsules was observed
by optical microscope Leica IC3D (Leica Mikrosys-
teme Vertrieb GmbH, Wetzlar, Germany). The sur-
face morphology of samples was examined by scan-
ning electron microscopy (XL30 ESEM-FEG,
Philips, FEI Company, Hillsboro, Oregon, USA).
Microcapsules were mounted on a conductive stage.
Samples were sputtered with a thin layer (10 nm) of
gold"palladium to reduce charging.

2.3.2. Size 
The particle size distribution was examined using a
Malvern Mastersizer 2000 Ver. 5.54 (Malvern, UK).
The particle refractive index parameter was 1.58.
The technique is based around the principle that
particles passing through a laser beam will scatter
light at an angle that is directly related to their size.

2.3.3. DSC
Differential scanning calorimetry (DSC) analysis
(TA Q1000 calorimeter, TA Instruments, New Cas-
tle, DE, USA) was used to investigate the reactivity
of the prepared capsules. Small amounts of samples
(5–10 mg) were heated from –20 to 140°C at a rate
of 5°C/min in a N2 environment.

2.3.4. FTIR
Fourier-transform infrared (FTIR) spectra were
obtained by Atlas FTIR spectrometer to identify the
chemical structure of the specimens, which were
prepared by grinding the samples with potassium
bromide (KBr) or by appending the samples to a
diamond using an Attenuated Total Reflectance
(ATR) method.

3. Results and discussion
3.1. Microstructure and particle size

distribution of microcapsules
Figure 2 shows the SEM micrograph of microcap-
sules. The SEM image of Figure 2b was taken from
the surface of a microcapsule-loaded epoxy. The
surface of microcapsules is rough, and it may be
composed of PMF nanoparticles protruding from
the surface [15]. The protuberant nanoparticles can
increase the surface area of microcapsules and
enhance surface adhesion. Furthermore, the micro-
capsules can form hydrogen bonding with the
matrix due to the presence of polar groups (amine
and hydroxyl) on their melamine-formaldehyde
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Figure 2. SEM micrographs of epoxy-loaded microcapsules a); the surface of a micro-capsule-loaded epoxy b)



shells. In Figure 2b it is evident that there is a
healant inside the microcapsule. Figure 3 shows the
size distribution of microcapsules with epoxy and
hardener. The microcapsule size was in a wide
range of 10–150 (A) and 20–300 (B) µm. The rea-
son is that in the region of flow away from the pro-
peller during the preparation of microcapsules,
many larger microeddies exist, and in the vicinity of
the propeller, many smaller microeddies exist,
which result in a wider length scale [16]. In this
study, the mean diameters of the prepared micro-
capsules were ~50 (A) and 100 (B) µm.

3.2. The effects of healing temperature on the
fracture behaviour 

The control experiments of epoxy without micro-
capsules show no healing effects, in agreement with
our results reported by Yuan et al. [14]. Figure 4
shows curves of the fracture load with extension at
the compressive direction for the samples under dif-
ferent healing temperatures at 18, 55 and 110°C
lasting 17 hrs. They clearly show that the maximum
fracture loads at 55 and 110°C are higher than at
18°C. At ~55°C it shows the highest fracture load.

The load-extension curves show in a zigzag way,
especially at a higher temperature 110°C, which
may be explained by the difference of polymeriza-
tion and heat stability of the self-healing crosslink-
ers. The rapid crack growth takes place after the
maximum load. Figure 5 shows load"extension
curves before and after 55°C healing. The maxi-
mum fracture loads increase significantly after
55°C healing. The virgin sample loads nonlinearly
followed by a linear regime to 95 N. This is fol-
lowed by a drop in load (virgin slope failed and
crack initiated) and a second linear regime until the
crack length (not extension) to ~2 mm length,
which suggests that the crack has propagated in the
material. The crack of virgin sample retains some
load-bearing capability, however the load of crack
initiation is higher than the load of propagation in
the material. The healed sample loads non-linearly
followed by a linear regime to around ~30 N fol-
lowed by a minor zigzag regime without a clear
crack initiation and loading until the sample would
have a same crack length, however the rapid crack
growth happens at a 165 N load (crack-length inde-
pendent).
The healing efficiency values of the microcapsules-
loaded epoxy samples healing lasting for 17 hrs at
different temperatures are shown in Figure 6. The
healing efficiency values are determined by com-
paring the healed peak loads to the virgin peak
loads. The average self-healing efficiency at heal-
ing temperature 18, 55 and 110°C for 17 hrs is 93,
171 and 158%. The given values are mean values of
three parallel tests. It is obvious that the self-healing
efficiency of the microcapsule-loaded epoxy/ mer-
captan-derivative samples is significantly higher
under healing temperature at ~55°C. This result is
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Figure 3. Size distribution of microcapsules: Epoxy- and
Hardener-loaded

Figure 4. Load"extension curves of epoxy samples under
different healing temperatures (L to R: 18, 110
and 55°C)

Figure 5. The load"extension curves before and after 55°C
healing



in accordance with the DSC result which shows the
healing peak temperature 56.53°C of microcap-
sules.

3.3. FTIR and DSC 
The microcapsule-loaded epoxy samples under dif-
ferent healing temperatures at 18, 55 and 110°C
were investigated by FTIR spectra. The absorption
peaks at 2800–3200, 2300–2400 and 1500–
1800 cm–1 are attributed to C–H, CO2 and carbon
double bond absorption bands respectively. Figure 7

shows expanded FTIR spectra between 1200 and
500 cm–1. The peaks at 1118 and 1105 cm–1 corre-
spond to C–O stretch. The stretch mode of the oxi-
rane ring of the epoxy group appears at 914 cm–1.
This disappears with increasing temperature proba-
bly due to the curing of epoxy at a higher tempera-
ture.
Figure 8 shows DSC curves of the epoxy and hard-
ener-loaded microcapsules mixture. The exother-
mic reaction peak at 56.53°C with onset tempera-
ture 41.77°C is the curing temperatures of the
epoxy and hardener-loaded microcapsules. It is in
accordance with the results obtained by the above
test results which show that the fracture load and
healing efficiency values of the microcapsule-
loaded epoxy/mercaptan-derivative samples are
significantly higher under healing temperature at
~55°C.

3.4. Fracture morphology and photo elasticity 
Using a polariscope, the specimens that were cracked
(a) or healed (b) under stress are shown in Figure 9.
Figure 9a shows the end of the crack in specimen
with birefringence. Figure 9b shows the healed
crack without birefringence.
The images in Figure 10 show a typical crack sur-
face for a microcapsule specimen at 18 and 55°C.
With regard to the microcapsule specimen, it is vis-
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Figure 6. The self-healing efficiency of microcapsules-
loaded epoxy samples with a healing temperature

Figure 7. Expanded FTIR spectra between 1200 and
500 cm–1

Figure 8. DSC curve of the epoxy and hardener-loaded
microcapsules mixture

Figure 9. Photoelastic stress distribution of cracked a) and healed b) samples



ible that the healants of fractured microcapsules
have flowed out to the fracture surface so that they
can react and heal the cracks at a suitable tempera-
ture. The SEM image in Figure 11 also clearly
shows the micro-cracking pinning from the frac-
tured microcapsules. The subsurface micro-crack
pinning on the fracture plane (Figure 11) may con-
tribute to additional energy consumed in the course
of fracture [14, 17].

3.5. Discussion
It has been reported that for PMF microcapsules
containing DCPD applied to polymeric composites,
the higher self-healing efficiency can be obtained
by adding a lower content of microcapsules with
larger diameter or by adding a higher content of
microcapsules with smaller diameter, and increas-
ing microcapsule diameter can improve the maxi-
mum self-healing efficiency [13]. Although micro-
capsules don’t behave like hard solid particles,

similar fracture behavior has been in rubber tough-
ened epoxy [17]. The deformation and subsurface
micro-cracking associated with rubber toughened
epoxy are similar to the mechanisms identified for
microcapsule toughened epoxy. Previous reports
[14, 17, 18] which have achieved over 100% heal-
ing have suggested that such high efficiency heal-
ing is the results of crack deviation or pinning from
the original damage line or healing of the material
past the original pre-crack using the higher fracture
toughness of repair binder than that of the bulk
material.
The fracture behavior of microcapsules-loaded
epoxy matrix was investigated using a double tor-
sion test which is based on a Mode I (opening)
loading. The typical virgin sample loads nonlin-
early followed by a linear regime. This is followed
by a drop in load (virgin slope failed and crack ini-
tiated) and a second linear regime with a crack
development. The healed sample loads non-linearly
followed by a linear regime, then zigzag regime
without a clear crack initiation and loading linearly
until the rapid crack growth happens. Clearly
microencapsulated epoxy and mercaptan-derivative
healing agents can have the capability to heal the
cracks after damage, but also provides the damaged
sites with a higher fracture load. Here a higher self-
healing efficiency can be achieved by choosing a
suitable curing temperature. The healing efficiency
increases, then decreases with a healing tempera-
ture. The best healing temperature at about 55°C
curing temperature of microencapsulated epoxy and
mercaptan-derivative with healing efficiency 171%
is determined by the fracture test and DSC meas-
urement. The increased fracture load is correlated
with a healant release and curing. The subsurface
micro-crack pinning or deviation on the fracture
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Figure 10. Optical images of fractured microcapsules-loaded epoxy cured at 18°C a) and 55°C b)

Figure 11. SEM micrograph of fractured microcapsules-
loaded epoxy



plane and a stronger microencapsulated epoxy and
mercaptan-derivative binder than that of the bulk
epoxy along the original pre-crack may contribute
to additional energy consumed in the course of frac-
ture, leading to a greater than 100% self-healing
efficiency. The reduced performance after higher
temperature annealing at 120°C may be mainly due
to thermal degradation of additional self-healing
microcapsules. Based on our previous test results,
the Epoxy/Mercaptan-derivative microcapsules
provide two independent effects: increase the load
carrying capacity of the epoxy from general tough-
ing after healing and the ability to self-heal the vir-
gin fracture at room temperature.

4. Conclusions
The fracture behavior of microcapsule-loaded epoxy
matrix is studied for the effects of temperature. The
load-extension curves start non-linearly followed
by a linear regime, then zigzag regime and a linear
regime until fails. The microencapsulated epoxy
and mercaptan-derivative healing agents have
flowed out to the fracture surface of epoxy so that
they can react and heal the cracks. The addition of
microcapsules appears to significantly increase the
load carrying capacity of the epoxy after healing.
The healing efficiency increases, then decreases
with the healing temperature. The best healing tem-
perature is at the about 55°C curing temperature of
microencapsulated epoxy and mercaptan-derivative
with healing efficiency up to self-healing efficiency
171%. Heating the polymer samples after fracture
will change the mechanical properties, resulting in
changes in the fracture strength due to the self-heal-
ing microcapsules or thermal degradation on poly-
mers. It shows that the suitable healing temperature
has a great effect on healing, thereby influencing
the fracture behavior. The subsurface micro-crack
pinning or deviation on the fracture plane and a
stronger microencapsulated epoxy and mercaptan-
derivative binder than that of the bulk epoxy may
lead to a greater than 100% self-healing efficiency.
The Epoxy/Mercaptan-derivative microcapsules
provide two independent effects: the capability to
recover their load transferring ability after fracture
and the ability to self-heal the virgin fracture at
room temperature.
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1. Introduction
Most shape memory materials are defined by one
permanent and one temporary shape (one-way
transformation) or two permanent shapes (two-way
transformation). A trigger – usually heat – can
induce the change from one (temporary or perma-
nent) shape to another (permanent) shape. The
shape transformation and the work done during the
transformation are determined by the release of the
energy, stored inside the material. Shape memory
effects are found in metals, ceramics and polymers,
of which the metallic shape memory alloys (SMA)
like Nitinol are the most widely used, as they com-
bine a high level of recovery stress with a reason-
able deformation [1].

Shape memory polymers can be a thermoplastic, a
thermoset or an elastomeric material; they exhibit
much higher levels of deformation than SMA. The
transformation temperature of an SMP can be the
melting temperature or the glass transition tempera-
ture of a ‘soft’ phase [2].
For a thermoset SMP, the transformation tempera-
ture is the glass transition temperature Tg. One type
of SMP is a single phase material, consisting of
polymer chains with a certain (limited) number of
cross-links [2–5]. The cross-links are net points,
where the memory of the permanent shape is stored,
while the free polymer chains between the cross-
links are switching segments that obtain increased
mobility above Tg. Upon deformation, the mobile
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polymer chain segments are stretched in the loading
direction, resulting in a decreased entropy; at the
same time, the net points elastically deform; the
overall result is an increase in enthalpy of the SMP.
When the material is allowed to cool down in
deformed state, the loss of mobility of the polymer
chain segments in the switching segments stabilizes
the temporary shape.
A second type of SMP is a two phase material that
both form an interconnected 3-dimensional network
[6, 7]. The elastic energy is stored in the hard phase,
and is responsible for the recovery of the permanent
shape, while the soft phase, upon heating above its
transformation temperature (often its melting tem-
perature), enables the deformation to a temporary
shape.
The major drawback of shape memory polymers is
the low recovery stress (Figure 1), limiting the size
of commercial components to a few centimetres:
the recovery stress of larger components is insuffi-
cient to counter the components weight. The solu-
tion consists of reinforcing the SMP with particles
or fibres. The addition of carbon nanotubes results
in a 50 to 100% increase of the recovery stress and
improved conductivity but the expense of a reduced
shape recovery effect [8–10]. Alternative particle
reinforcements like SiC [11] and carbon black [12]
are less effective.
Some research on fibre reinforced SMP laminates
has been reported. The fibre reinforcement dramati-
cally increases the recovery stress [13]. Gall et al.
[14] found only a limited effect of the fibre rein-
forcement on the recovery ratio, however the elastic
spring back increased significantly. These results
indicate that the stored elastic energy is an impor-
tant factor in the shape memory effect. The same
authors also showed that microbuckling is impor-
tant in the high temperature deformation; their obser-
vations seem to indicate that the microbuckling is
reversible [14]. Zhang et al. [15] evaluated asym-
metric SMPC in bending and observed that SMPC
with the fibre reinforcement under compression
exhibited a faster recovery, a higher recovery ratio
and a higher recovery stress. Continuous fibre rein-
forcement strongly affects the deformation limits of
the SMP: under tension in the fibre direction, the
shape memory effect is totally lost. Although some
small size applications have been developed [13,
16], there is a need for more research on continuous

fibre reinforced polymer composites to develop
functioning large SMPC objects.

2. Materials and test methods
2.1. Materials
The material used in this research is Veriflex VF62
of CRG Industries (Dayton, OH). This thermoset
styrene-based resin, is cured with benzoyl peroxide
in a 24:1 ratio. Neat resin plates were produced by
casting the reactive resin in a 4 mm thick mould
cavity. The resin was cured according to the follow-
ing cure cycle:
–!Heat to 75°C with a heating rate of 1°C/min.
–!Maintain 75°C during 3 hours.
–!Heat to 90° with a heating rate of 5°C/hour.
–!Heat to 110°C with a heating rate of 10°C/hour.
The properties of the neat Veriflex VF62 resin are
presented in Table 1. The transformation tempera-
ture was determined by the glass transition tempera-
ture of the cured resin using Dynamic Mechanical
Thermal Analysis (TA Instruments Q800). An oscil-
lation of 1 Hz with a strain amplitude of 0.05%
strain was imposed in a three-point bending set-up,
using a span length of 34 mm, while the temperature
is increased to 95° with a heating rate of 2°C/min.

                                                 Ivens et al. – eXPRESS Polymer Letters Vol.5, No.3 (2011) 254–261

                                                                                                    255

Figure 1. The thermomechanical cycle, describing the
behaviour of an SMP. After heating to tempera-
ture Th (A), the material is deformed (B) and sub-
sequently cooled (C). Elastic springback results
in a change in strain (D). Upon unconstrained
reheating to Th, the material returns to (A). If the
temporary shape is constrained, heating results in
a stress build up (E), the recovery stress.

Table 1. Properties of Veriflex CF62

Tensile strength 23.00 MPa
Compression strength 32.40 MPa
E-modulus 1.24 GPa
Strain to failure 3.90%
Tg: loss modulus

tan!
62°C
75°C



Three types of fibre reinforcements were selected: a
quasi-unidirectional non-crimp E-glass fabric
(UDG1200; areal weight 1200 g/m2, supplier: Saer-
tex, Germany), an E-glass plain woven fabric
(WGF540; areal weight 540 g/m2 supplier: Saint-
Gobain Technical Fabrics, Belgium) and a T300
carbon fibre twill-weave (TWC300; areal weight
300 g/m2, supplier Hexcel Reinforcements, France).
Composite plates were produced using resin trans-
fer moulding in a heated aluminium mould, con-
taining a single layer of reinforcement. The resulting
plate thickness of 3.2 mm resulted in fibre volume
fractions of 16.5% (UDG1200), 7.7% (WGF540)
and 5% (TWC300) respectively. Because the fabric
thickness is lower than the plate thickness, the fab-
ric was held against the mold surface to avoid
‘swimming’. Consequently, the resulting composite
is asymmetric. Figure 2 shows the evolution of the
storage modulus as a function of temperature. The
storage modulus at room temperature is low,
because of the low fibre volume fraction of the
specimens, and because the modulus was deter-
mined in a short span three-point bending test,
where shear deformations cannot be neglected.
Moreover, the storage modulus is an apparent mod-
ulus: since the laminates are asymmetric, engineer-
ing constants are undefined.

2.2. Test methods
The deformation-cooling-reheating cycle of SMP
and SMPC samples was determined in a single can-
tilever beam test on small samples using the same
TA Instruments Q800 equipment, in static mode
(TMA). The temperature-strain cycle and the result-
ant stress are shown in Figure 3. UDG1200 SMPC

and pure SMP specimens – 17 mm"10 mm"3 mm
– were deformed to a strain of 10% at 75°C. Addi-
tional tests up to 20% deformation at 75°C and 10%
deformation at 65°C and 85°C were performed on
UDG1200 SMPC (§ 3.1).
Due to the small specimen size for TMA testing, the
shape memory cycle was repeated on larger (80 mm"
20 mm"3 mm) UDG1200 SMPC specimens, loaded
in three point bending with a span length of 50 mm.
Specimens were heated using silicone oil, while
they were cooled in air. Different maximum strain
levels were used, and specimens were subjected to
multiple cycles to evaluate the repeatability of
shape recovery and the effect of local damage on
the recovery stress (§ 3.2).
The recovery rate and ratio were measured using a
similar set-up as Gall et al. [14], shown in Figure 4
(§ 3.3). A flat specimen is heated and subsequently
deformed on a tubular surface, where it is allowed
to cool down. During reheating, the shape recovery
(via the angle between the two specimen ends) is
measured as a function of the recovery time. The
SMP and the three SMPC materials were tested at
75°C with 33% flexural strain. Two deformation
levels and two deformation temperatures were used
for UDG1200. Tests were performed with the fabric
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Figure 2. Storage modulus as a function of temperature,
determined by dynamic mechanical analysis Figure 3. Temperature-strain cycle of the TMA experi-

ments: the specimen is heated at 3°C/min to the
deformation temperature. The specimen is
deformed (3%/min) to a set maximum strain and
held for 30 minutes to allow stress relaxation. The
specimen is cooled down in deformed state. The
residual stress is removed and the elastic spring
back is recorded. The restrained specimen is
reheated (3°C/min) to 75°C, while the recovery
stress is measured. Finally, the specimen is
returned to the permanent shape.



at the compressive side (as shown in Figure 4) and
on the tensile side of the specimen.

3. Results and discussion
3.1. Deformation and recovery stress
Figure 5, obtained from the TMA-experiments,
shows the variation of the stress during the defor-
mation phase and the reheating phase of UDG1200
SMPC. During the deformation, the stress builds

rapidly, reaching a peak stress, followed by stress
relaxation, evolving to a plateau value. During the
reheating to 75°, the specimen builds up recovery
stresses. Table 2 shows the numerical data, extracted
from the curves, for neat SMP and for the different
SMPC. UDG1200 SMPC was tested at different
deformation temperatures and deformation levels.
The characteristics are defined in Figure 3. The
UDG1200 specimens were submitted to a second
deformation reheating cycle, as indicated by (2).
The results of the experiments on UDG1200 show a
decrease of the peak stress as the deformation tem-
perature increases. The peak stress is caused by the
resistance to deformation in the cross-linked net
points and in the (linear) switching segments of the
material. At 65°C – below the transformation tem-
perature – the switching segments still have some
stiffness. The peak stress drops significantly when
the Tg is exceeded. All specimens exhibit stress
relaxation. The viscous nature of the switching seg-
ments is responsible for the relaxation, but the
stress does not decay to zero: a plateau value is
reached; it is related to the built-up internal stresses
by the rigid net points of the polymer and its level is
indicative of the stored energy. The plateau stress is
independent of the deformation temperature. For
10% deformation, the relaxation stress is 1.75 MPa.
During reheating of the constrained specimen,
recovery stresses are built up. The effect of the
deformation temperature on the recovery stress is
insignificant. The recovery stress level is 1.65 MPa
for 10% deformation, i.e. 94% of the plateau stress
level during the deformation stage. Compared with
the neat resin, the relaxation and recovery stresses
are increased 30-fold by the addition of the 13%
glass fibre reinforcement!
The stress levels in the other composites are signif-
icantly lower. This is mainly caused by the differ-
ence in fibre volume fraction, as shown in Figure 6.
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Figure 4. A specimen is deformed to a preset radius at high
temperature and constrained during deformation.
The specimen is reheated, and it gradually returns
to its permanent flat shape. The recovery rate and
ratio are measured. The position of the fabric is
indicated by the grey line in the specimen: in this
picture, the fabric is on the compressive side of
the laminate.

Figure 5. Stress as a function of time during the deforma-
tion phase (solid lines) and the recovery phase
(dashed lines) of UDG1200 SMPC, for different
deformation temperatures

Table 2. Numerical data, obtained from the TMA experiments. 75°(2) indicates a second deformation – reheating cycle
TMA results

Peak stress
[MPa]

Relaxation stress
[MPa]

Spring back
[%]

Recovery stress
[MPa]Strain

[%]
Temperature

[°C]
SMP 10% 75°C 0.085±0.005 0.05±0.01 0.025±0.005 0.05±0.01
TWC300 10% 75°C 0.5 0.3 0.07 0.3
WGF540 10% 75°C 1.0±0.1 0.62±0.05 0.16±0.03 0.55±0.03

UDG1200
10%

65°C 3.65±0.45 1.95±0.15 0.45±0.35 1.65±0.3
75°C 2.4±0.2 1.75±0.12 0.25±0.10 1.60±0.06
85°C 2.2±0.2 1.75±0.15 0.15±0.05 1.65±0.12

20% 75°C 5.9±1.3 3.9±0.5 2±1 3±1
20% 75°C (2) 4.5±0.7 3.4±0.4 1.5±1.5 2.5 ±0.7



It must be pointed out that more experiments are
needed to discriminate between glass and carbon
composites.

3.2. Repeatability and effect of damage
Table 2 shows that the recovery ratio decreases with
increasing deformation strain. This is due to the
increased elastic spring back and due to damage:
the TMA specimens deformed up to 20% strain
showed stress whitening after cooling and unload-
ing. Stress whitening was also observed during the
larger scale three point bending tests. These experi-
ments focused on repeated deformation-reheating
cycles. For each cycle, the maximum flexural strain
was increased. The flexural stress during deforma-
tion is presented in for 4 consecutive cycles. Stress
whitening was observed at a much lower strain
level (3.6%) in comparison with the small TMA-
samples.
Stress whitening is caused by crazing in the switch-
ing segments of the SMP. Kasajima et al. [17] have
observed that stress whitening created at low strain

levels disappears upon unloading. Higher strain
levels result in residual stress whitening, but
Kasajima et al. showed that stress whitening can be
removed by heating. This was corroborated by the
authors observations on the SMPC specimens: the
stress whitening in the 4% strained specimens dis-
appeared after recovery heating, while for the 7.5
and 11% deformation levels, prolonged heating was
needed to remove the stress whitening (Figure 7).
Although these observations seem to suggest that
the effects of stress whitening are recoverable, this
is not correct. Kasajima observed a decrease in
yield strength after deformation and subsequent
reheating to remove the stress whitening. Similar
results were obtained in three point bending (Fig-
ure 8): a clear drop in yield stress is observed
between the first and the second cycle, yet the addi-
tional drop from the second to the third cycle is
much smaller. Repeating the same deformation in
the fourth cycle gave the same stress strain curve. It
can therefore not be excluded that the effects of the

                                                 Ivens et al. – eXPRESS Polymer Letters Vol.5, No.3 (2011) 254–261

                                                                                                    258

Figure 6. Recovery and relaxation stress as a function of
the fibre volume fraction for the different glass
fibre reinforced composite materials

Figure 7. Stress whitening in the UDG1200 specimens, loaded in three-point bending. More stress whitening is visible
directly after recovery (a). Most stress whitening disappears after 30 minutes at elevated temperature (b).

Figure 8. Flexural stress-strain curves at the transformation
temperature for UDG1200 SMPC. The same
sample was loaded in a cyclic manner. Each curve
present the loading curve of a cycle.



stress whitening are not fully reversed, and this
could also be responsible for the lower recovery
stress to relaxation stress ratio (Table 2). An addi-
tional reduction in recovery stress during a second
load cycle was found, similar to Kasjima’s observa-
tions. Further research is necessary to establish the
effect of repeated deformation and shape recovery
on the recovery stress and the recovery rate.

3.3. Recovery ratio and rate
The recovery ratio and rate were measured using
the set-up shown in Figure 4. Figure 9 and 10
shows the recovery angle as a function of time for
for the different materials tested. All composite
specimens exhibit full recovery, while the neat SMP
is unable to recover the permanent shape. The over-
all recovery rates are low, compared to what is
found in shape memory metal alloys. A higher stiff-
ness results in a faster shape change. Figure 10

shows the effect of temperature and deformation
level on the recovery rate. A higher temperature and
a higher deformation strain result in slower recov-
ery; the effect of strain is small.
Figure 11 shows the effect of the asymmetry on the
shape recovery of the carbon fabric TWC300
SMPC. A much higher recovery rate is found if the
fabric is located in the compressive side on the test
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Figure 9. Recovery angle as a function of time for the neat
SMP and for the fabric reinforced composites,
measured using the set-up shown in Figure 4. All
composites show complete shape recovery, while
the neat SMP is unable to counteract gravity.

Figure 10. Recovery angle as a function of time for the
UDG1200 SMPC. Different flexural strains and
temperatures were used.

Figure 11. Recovery angle as a function of time for the
TWC300 SMPC, with the reinforcement layer in
the compressive side and in the tensile side of
the specimen (temperature 75°C)

Figure 12. Shape recovery of a model chair (height 250 mm), made of UDG1200-Veriflex VF62



specimen. Similar observations were made by
Zhang et al. [15]. An explanation for this difference
has not been found. Moreover, the  recovery stress
is lower when the fabric is in the compressive side
of the specimen.
The much higher recovery stress of SMPC has
enabled the authors to produce a 250 mm high
‘chair’. A single layer of UDG1200 was placed in an
aluminium mould and the composite was manufac-
tured using vacuum assisted transfer moulding. The
permanent shape can be deformed to any temporary
shape. Reheating using hot air results in shape
recovery, as shown in Figure 12 (movie available in
www.youtube.com/watch?v=GTLwExvDVVw).
The recovery rate is very low, the full shape recov-
ery takes almost 10 minutes. To obtain functional
components, the recovery rate must be improved,
by increasing the thermal or electrical conductivity.

4. Conclusions
This paper presented the first results of ongoing
experimental work to determine the effect of fibre
reinforcement on the transformation of a thermoset
shape memory polymers. The following conclu-
sions can be drawn: 
–!The recovery stress of the SMPC with unidirec-

tional glass fibre reinforcement, loaded in bend-
ing, is 30 higher than for the neat SMP resin.

–!The recovery stress is independent of the defor-
mation temperature.

–!The recovery stress is strongly affected by the
degree of deformation.

–!High deformation levels result in crazing (stress
whitening). Even though the stress whitening
disappears after reheating, it does influence the
recovery stress.

–!All composites tested show complete shape recov-
ery. The SMP material is unable to recover the
permanent shape against the forces of gravity.

–!The rate of shape recovery is higher when the
fibre reinforcement is loaded in compression.

–!A model sized SMPC chair was successfully pro-
duced and the shape recovery was proved,
although the recovery time was long.
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1. Introduction
A continued need exists for high performance,
lightweight and cost effective protection for person-
nel and vehicles to improve survivability and
reduce injury when subject to a range of potential
threats e.g. blast and ballistic impacts. Protection or
armour systems can be broadly divided into hard
ceramic based systems, with high performance
fibres within a composite backing; these are used
for both personnel and vehicle armour, since they
can be very effective at stopping ballistic projectiles
by breaking and eroding them, and soft armour
which use high performance composites to prima-
rily prevent fragmentation incursion [1]. The
advantages being these systems are very light, e.g.

high performance polyethylene has a density less
than water.
During the last 15 years a large number of new high
performance polymer fibres with aligned carbon
chains have been developed, which include Aramid
fibres (Kevlar®, Twaron®), polyethylene fibres
(Dyneema®, Spectre®) and polypropylene fibres
(Curv®, Tegris®). Hence a reliable technique is a
requirement to enable ranking of potential solutions
and to determine the most effective combination of
fibres for specific threats.
The classic understanding of how soft ballistic
armour functions assumes that the impact energy
can be dissipated by waves propagating along the
fibres and hence the controlling materials properties
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are the tentsile wave velocity in the fibres and the
specific energy absorbed at failure, this makes high
performance fibres particularly attractive in impact
protection systems and containment devices, this is
schematically shown with the most common high
performance fibres in Figure 1.
The modelling of ballistic impact onto panels com-
posed of high performance fibres can be divided
into semi-analytical and numerical based tech-
niques. The most common analytical based tech-
nique, which is often used to scale impact and
hence determine the ballistic performance of differ-
ent panel thicknesses was developed by Cunniff [3].
Figure 1 is often used to determine the ‘best’ fibre
for a soft armour system in Cunniff’s approach (e.g.
the highest dimensionless velocity), however, in
this selection the assumption is implicit that the
fibres are uniformly loaded; the failure response is
linear from the ultimate strength of the fibre to rup-
ture of the fibre with no plasticity assumptions,
associated with the low compressive strength and
unloading prior to complete failure. The non-linear
shear response is also not considered. Despite these
drawbacks the approach has found success. How-
ever, some exemptions have been noted, for exam-
ple brittle systems based on carbon and Tegris. The
inclusion of rate effects and phase change in the
material is also a conceptually a difficult task to
incorporate into such an approach. An alternative

methodology is to use hydrocodes, e.g. ls-dyna® or
abaqus® which includes the full constitutive rela-
tionship. An excellent review of numerical
approaches is discussed in Grujicic et al. [4] and
includes a multi-scale strategy based on Dyneema
UD®. However, the non-linear shear response is
also not considered. The importance of this behav-
iour is further discussed in section 3.0.
It has been widely recognised that the advent of
multiscale modelling, which encompasses the full
range of length and time scales, will be an impor-
tant factor in the future design and testing of novel
materials [4]. In the present approach the methodol-
ogy adopted by Cunniff is incorporated within a
numerical finite element framework with enhance-
ments associated with the physical behaviour of the
material, specifically the non-linear shear and com-
pressive behaviour.

2. Laboratory tests
A series of laboratory tests were performed on
Dyneema UD composites fabricated from Dyneema
UD tape, which has a lamination of 0/90/0/90 and a
typically thickness of the order of ~270 !m. The
Dyneema UD composite fabricated from the tape
usually has a very low shear and compressive
strengths, while the tensile strength and strain to
failure are excellent for a polymer. However, the
measured composite laminate properties are not
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Figure 1. Sound speed vs. mass-based energy absorption capacity for a number of high-performance fibres [2] superim-
posed with Cunniff’s U* velocity [3]



used in the following model, only tensile fibre stiff-
ness and strength available in the open literature. To
investigate the non-linear shear response a series of
tests [5] were performed in a standard tension-shear
configuration to investigate the behaviour in pure
in-plane shear. This is a necessary parameter for the
proposed model. These tests were carried out fol-
lowing the BS EN ISO 14129:1998 standard. All
tests were performed on specimens with a width of
25 mm, a thickness of 5 mm and a length of 250 mm
(150 mm gauge length) with a lamination of ±45°
as stated in the standard. A specimen width to thick-
ness ratio (w/t) of 2.5 was selected to ensure that the
edge effect was minimal.
Figure 2a illustrates the non-linear shear with the
error bars associated with the scatter in three tests.
Figure 2b illustrates the cyclic unloading behaviour.
A highly non-linear behaviour during unloading is
observed this is potentially due to matrix damage,
viscoplastic effects and the friction between the
failed surfaces. This is clearly evident in Figure 3.

As the fibres re-orient towards the end of the load-
ing regime the stiffening response of the specimen
is potentially associated with fibre reorientation.
Failure appeared to initiate from the grips, generat-
ing a series of fracture (delaminations and matrix
cracking) surfaces along the specimen in a cone
shaped pattern. A final series of static tests were per-
formed to investigate the compressive behaviour [5].
In the present study the BS EN ISO 14126:1999
was used for the compressive test. The stress strain
relationship is shown in Figure 4. The compressive
behaviour is dominated by microscale kinking of
the fibres. The initial peak is probably associated
with their formation, followed by a plateau regime
in which the kinks slide as more or less constant
stress. Thus in the following modelling section it is
proposed to model the compressive behaviour as an
elastic-plastic material along fibre directions only
with a typical strength of 8 MPa.
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Figure 3. Failed tension-shear specimens (most layers have
delaminated as can be seen from the lower figure) Figure 4. Compression test: stress versus strain relationship

Figure 2. Tension-shear stress strain curve for Dyneema UD composite [5]: a) Increasing load until failure; b) Cyclic
load/unload until failure



A series of impacts were also performed on Dyneema
UD crossply laminates [5] to determine the ballistic
limit and to use the results to validate the proposed
constitutive model, Table 1. The Dyneema samples
were mounted on a frame, with lightly clamped
edges, which allowed the material to draw, i.e. no
bolts or rigid clamps were used. Figures 5a and 5b
show the panel near the ballistic limit. The exces-
sive displacements and drawing of the laminate is
clearly evident. The deformation pattern would
indicate a very low shear and compressive strengths.
This has been confirmed from the static test con-
ducted.

3. Model development
An elegant analytically based procedure was devel-
oped by Cunniff [3] to determine the V50 of an
armour system. The key properties proposed by
Cunniff for an armour system were;
the presented area and mass for the projectile;
the fibre sonic wave speed;
the fibre fracture toughness for the fibre.
The dimensionless ratios for the system and defined
by Cunniff were:
! – Fibre ultimate axial tensile strength
" – Fibre ultimate tensile strain
# – Fibre density
E – Fibre modulus (assumed linearly elastic)
Ap – Projectile presented area
Ad – System areal density
mp – Projectile mass

V50 – V50 ballistic limit (the velocity at which
impacting projectiles are expected to defeat
a system 50% of the time)

U* – The product of fibre specific toughness and
fibre strain wave velocity.

This leads to the Equations (1) and (2), which can
be used to determine the V50 of an armour system, if
the fibre type is known.

                                      (1)

where

                                                (2)

the product of the fibre specific toughness and fibre
strain wave velocity.
Cunniff developed the so called ‘U*’ parameter to
predict ballistic impact resistance in fibres. The
model has been generally successful in predicting
performance for a wide range of fibre/textile mate-
rials.
This paper describes the use of an existing model
developed for low velocity impacts, which was
implemented into the explicit FE code LS-DYNA,
however, a number of key modification were neces-
sary to allow for a realistic behaviour [6]. The for-
mulation is concerned primarily with in-plane
failure of thin high performance laminated UD
composites. In the present paper it is compared with
experimental results for a thin Dyneema UD com-

U* 5 ase
2r
bÄ

E
r

F 5 a V50

1U* 21/3 `
AdAp

mp
bF 5 a V50

1U* 21/3 `
AdAp

mp
b

U* 5 ase
2r
bÄ

E
r

                                           Iannucci and Pope – eXPRESS Polymer Letters Vol.5, No.3 (2011) 262–272

                                                                                                    265

Table 1. Summary of experimental results from high velocity gas gun testing

Testing regimes Projectile used Mass of projectile 
[g]

Velocity range
[m/s]

Areal density
[kg/m2)

Ballistic limit
[m/s]

0.8 mm Dyneema UD panels
(100 mm"100 mm) 6 mm Mild Steel ball 0.8677 305–388 5.7 305

Figure 5. Ballistic impact on Dyneema UD crossply laminate near the ballistic limit: a) Side view of specimen; b) Rear
view of specimen



posite, however, it can be used for any high per-
formance system. The inherent assumption follows
the bilinear assumption in Cunniff paper, but
includes plasticity and a non-linear shear response,
which are both important. In the present formula-
tion two damage variables are introduced to model
the observed fibre damage. Compression failure is
model with two plastic strain measures. The shear
response follows a non-linear behaviour. Unloading
always follows the elastic unloading slope before
damage commences, but unloads with the damaged
modulus when damage has initiated. Again, this is a
convenient assumption, which captures the non-lin-
ear elastic and permanent strain behaviour. The
fracture process is implicit within the stress-strain
relationship for the composite material. The dam-
age mechanics methodology must hence be based
on a Unit Cell (UC), unlike classical fracture
mechanics.

3.1. Stiffness degradation
Each Unit Cell (UC) consists of a 0 and 90 UD high
performance ply; basically a cross-ply. Using a sim-
ple mosaic modelling approach it is possible to
derive the cross-ply stiffness in each local direction
within the unit cell, i.e. 0 and 90 layer.
Figure 6 illustrate a typical Dyneema cross-ply
layer with the 0 degree layer removed. The ridges
relate to the resin tracks. Note the low apparent
resin; this is typical for a composite system in
which the volume fracture of resin may be ~15%.
Hence for the local x and y-fibre directions and
assuming the fibre stiffness dominates the ply stiff-
ness: The modulus and its degradation can be
expressed by Equations (3) and (4):

E11 = 0.5(VfEf)(1 – d1)                                         (3)

E22 = 0.5(VfEf)(1 – d2)                                         (4)

with the following definitions;
d1 = tensile failure in x direction fibre,
d2 = tensile failure in y direction fibre,
Ef = Young’s Modulus of fibre,
Vf = Volume fracture of fibre.
The damage parameters relate to the degradation of
the fibres in the 0 and 90 layers within the unit cell
in tension only. The fibre modulus is assumed con-
stant and has been taken from the open literature
[8]. The introduction of rate and temperature effects

[11–13] into the model can also be achieved, how-
ever, a relationship between rate and temperature
needs to be developed as does a technique to deter-
mine adiabatic heating effects, and the correspon-
ding change in stiffness, strength and fracture
energy.
A simple non-linear shear stress-strain behaviour is
assumed for the in-plane shear response. The shear
stress-strain response is defined by Equation (5):

$ = A%3 + B%2 + C% + D                                         (5)

where D = 0.0, C = 109.61, B = –580.424, A =
1120.77 in units of MPa for the curve shown in Fig-
ure 2a. A simple least square fit was used to derive
the constants from the experimental curve. The
instantaneous shear modulus can be trivially
derived using the above equation. Since the model-
ling approach uses shell element only, with no
delamination between plies. The non-shear shear
response must include all possible shear failure
modes; hence degradation associated with delami-
nations must be included implicitly within the
response. These delaminations can be clearly seen in
Figure 3, which results in the curve shown in Fig-
ure 2a, and the progression of damage in Figure 2b.

3.2. Fibre fracture evolution
Failure in both the 0 and 90 directions is formulated
in a similar manner. No cross coupling between 0
and 90 failure is included within the constitutive
model. Once the initiation (failure) stress is reached
damage initiates and stress is gradually reset to zero
in either the 0 or 90 direction as damage reaches a
value of one. Therefore element deletion could be
used to represent a physical tear in the laminate, if

                                           Iannucci and Pope – eXPRESS Polymer Letters Vol.5, No.3 (2011) 262–272

                                                                                                    266

Figure 6. Interlaminar voids in Dyneema UD composites [7]



damage reaches one in either the 0 or 90 directions
for all integration points within the element (i.e. all
laminae layers have failed). For the 0 and 90 fibre
fracture case (i = 1, 2), the damage evolution equa-
tion is defined as, OAC in Figure 7, when no per-
manent strain is present, and unloading between
BO for any damage d (Equation (6)):

                           (6)

where &max,i is the strain at zero stress and damage
= 1, and &0 is the strain at maximum stress (failure
stress) and damage = 0. The only parameters
required for this evolution model are these two
strain constants, which define the total energy dissi-
pated, i.e. the area under the stress-strain curve.
Equation (5) can be converted into an incremental
form, which has been implemented into the LS-
DYNA code and is stated by Equation (7):

                          (7)

The constants, &max,i and &0,i must be chosen to pre-
vent a mesh dependent solution by maintaining
constant energy dissipation independent of volume,
which corresponds to a physical element size, i.e.
&max,i must be altered at an element level. This is
easily input as a parameter at an element level, or
calculated within the element subroutine based on
the element volume. The damage evolution can
then be trivially stated as Equation (8):

di
n + 1 = di

n + #di
n + 1                                             (8)

where ‘n’ represents the nth timestep or load incre-
ment.

Examination of Figure 7 reveals that the basic
shape follows the assumptions in Cunniff’s model.
Clearly to include plasticity it is necessary to offset
the unloading curve by an appropriate amount so
that it unloads prior to the origin, i.e. DF. The offset
BD relates to an irreversible damage constant
which is described in the next section.

3.3. General plane stress stress-strain-damage
relationship

The general plane stress stress-strain relationship
for the damage model can be derived directly from
Hooke’s law. A general form could be described by
Equation (9) and can be expanded into incremental
form to include a permanent or damage strain com-
ponent. The magnitude of the permanent damage
strain can be determined via the material constant '.

                                                 (9)

The permanent damage strain would result in a per-
manent fix if unloading occurs prior to failure.
Hence to determine the ' constants it is necessary to
perform such tests, unfortunately such dynamic
tests would be very difficult to achieve and static
unloading may be the only appropriate test.
Cross-coupling and interaction terms are not con-
sidered in the present formulation [6]. The stress-
strain-damage relationship is hence defined by
Equations (10) and (11):

                                                 (10)

where

                          (11)

The !i terms in the above equation control the
amount of residual permanent strain (plastic strain).
Consider the unloading point B in Figure 7; with
!i = 1.0 the unloading path is directly to the origin
with no residual plastic strain, while a value of
!i > 1.0 result in a positive residual plastic strain,
i.e. path BDF, as the strain softening line AC has
now moved to a position AE to accommodate the
additional stress reduction. A value of !i < 1.0 is not
permitted, as this would indicate an unrealistic neg-
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Figure 7. Assume stress-strain response for high perform-
ance fibre. OAE relates to a response with perma-
nent strain, unloading would then follow OADF [6]



ative permanent strain. In the present formulation
for the irreversible stress, $·ir, second order terms are
neglected.

3.4. Work dissipated
Work dissipation is included in the implementation
for information only and is not directly used within
the stress update procedure. The work dissipated W·

i
for a damage rate d·i is given by Equation (12) [6]:

             (12)

where ‘n’ denotes the nth time step or load incre-
ment, and Eii

0 relates to the undamaged modulus.
Clearly the total energy dissipated can be predicted
for a specific volume of material. This can be used
to understand which regions are dissipating the
most energy, or power. Hence different fibres could
be used in different layers depending on the energy
dissipated.

3.5. Permanent plastic strain
The total strain is the sum of permanent (plastic)
and elastic strain. From the stress-strain curve, it
can be shown that the plastic strain (OF) in the ten-
sile case, Figure 7, is given by Equation (13) [6]:

                       (13)

the cumulative permanent strain is trivially defined
by Equation (14):

&pl,i
n + 1 = &pl,i

n + #&pl,i
n + 1                                            (14)

where ‘n’ represents the nth timestep or load incre-
ment. Figure 7 illustrates the bilinear constitutive
model where AC relates to !i = 1 and AE when
!i > 1. The greater the value of !i, the greater the
magnitude of the irreversible stress BD, and hence
the permanent strain OF. The ‘plastic strain’ that is
defined in this paper results from incomplete clo-
sure of cracks and potential fibre damage formed
during damage evolution. It is clear that the !i con-
stants can be derived from experimental cyclic per-
manent strain versus damage plots.

3.6. Damage evolution for compressive direct
stresses

In the present formulation, compression failure is
modelled in a simple elastic perfectly plastic man-

ner. The local x and y fibres have their own plastic
strain component and are completely uncoupled.
Figure 6 would indicate that this type of modelling
approach seems appropriate due to the lack of resin.
The fibres would tend to kink, but not fail. The rel-
evant equations for compression for the local x and
y fibre directions are given in Equations (15) and
(16). No failure strain is applied.

d&i = d&i
e + d&i

p,%f = !i – !y                                (15)

                                                    (16)

where d( is a proportional constant to maintain
stresses on the compressive yield surface.

3.7. Smearing methodology
The modelling of tearing and fracturing in brittle
materials is an inherently mesh dependent problem
and was initially encountered, and solutions pro-
posed in the Civil Engineering community [6].
The formulations described in the previous sections
relate the energy dissipated within a unit volume to
the fracture energy. Hence, it is necessary to relate
this energy to the energy required to increase the
fracture area or cracked surface. Since Finite Ele-
ments are volume based, it is convenient to link
damage mechanics and fracture mechanics. Con-
sider the bilinear implementation shown in Figure 7
(insert). The specific energy dissipated Ef can be
subdivided into the elastic energy Ee and the propa-
gation energy Ep. This leads to the following Equa-
tion (17):

Ef =Ee + Ep                                                         (17)

The energy dissipated should be independent of
mesh (finite element) size. If the specific internal
energy is constant, the adjusted value of Ep can be
determined for different mesh densities (finite ele-
ment mesh size). For a bi-linear stress-strain-dam-
age curve the specific energy can be defined by
Equation (18):

                                                  (18)

and for the individual energies within the bi-linear
stress-strain relationship, Equation (19):
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This intralaminar fracture energy, which is a frac-
ture mechanics based quantity, can be related to the
energy dissipated within the finite element volume
by linked damage and fracture mechanics. Equa-
tion (19) illustrates the energy dissipated for a par-
ticular damage mode, &, and the coupling between
damage and fracture mechanics leads to Equa-
tion (20):

' = (Ee + Ep)Alx = GfA and                 (20)

where
Ae = shell area (mesh parameter),
A = fracture area (mesh parameter),
Gf = intralaminar fracture energy (material prop-

erty),
l = longest length (mesh parameter),
lx = characteristic length (mesh parameter).
No minimum element size restriction applies when
using Equation (20), except it is desirable that the
element size should be equal or greater than the
process zone in a particular damage mode, how-
ever, a restriction does exist for the maximum ele-
ment size used in the mesh. Re-arranging Equa-
tion (20) and using Equation (19) yields the follow-
ing inequality, defined by Equation (21):

                                                         (21)

This inequality prevents a snap through stress-strain
behaviour, i.e. a negative Ep. The issues associated
with the determination of the failure strain &max are
discussed in a later section.

4. High velocity impact model
The Unit Cell (UC) represents the behaviour of a
cross ply composite. Hence its implementation into
a shell element required each integration point to be
associated with the UC. For example, if 100 0/90
cross ply are used in the laminate, then 100 integra-
tion point should be used to model the macroscale
behaviour from the UC mesoscale model. In the
present example the experimental results presented
in Table 1 are simulated. However, to understand
the behaviour of the model for different materials a
parameter study is performed with the properties in
Table 2. The fracture toughness per unit mass was
assumed the same for all high performance fibres
listed. The strain at fracture is assumed for Kevlar
and Nylon to make the fracture toughness the same

for all composites. This is a simple assumption to
illustrate the applicability of the model. The non-
linear shear and compressive behaviour are assumed
the same and only the initial stiffness and UTS are
altered. This assumption assumes the resin proper-
ties and failure would control the shear and com-
pressive response. For a very low resin system this
would probably be the case.

4.1. High velocity impacts on Dyneema UD
The laboratory impacts described in Section 2. are
modelled using the techniques described in section 3.
The projectile is modelled with an elastic plastic
material model and the specimen modelled with the
new material model. Contact logic is applied at all
interfaces between the test rig and the composite
and the projectile and the composite. The predicted
deformed pattern exhibits the key feature, such as
the excessive drawing of the material and the very
large displacement prior to perforation.
Figure 8 indicates the behaviour well above the bal-
listic limit. Element deletion occurs when either the
0 and 90 laminae within the UC has failed. Clearly
modelling the tensile, compressive and shear behav-
iour was key in simulating the correct response. If
the impact velocity is reduced towards the ballistic
limit the behaviour follows Figure 9. This clearly
appears to give the same drawing pattern as the test.
The ballistic limit was also approximately the same.
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Table 2. High Performance fibre properties used in study

Fibre type Density
[g/cm3]

UTS
[GPa]

Strain at fracture
[%]

E
[GPa]

Nylon 1.12 0.90 14.6 9.6
Kevlar 1.44 2.50 6.8 71.0
Dyneema 0.97 3.00 3.8 116.0

Figure 8. Ballistic impact (350 m/s above ballistic limit)
using Dyneema laminate. XY displacement plot.



However, the stiffness and strength are based on the
fibre values only!

4.2. High velocity impacts on other high
performance UD materials

The model is applied to a hypothetical Kevlar mate-
rial with realistic fibre stiffness and strength. The
procedure used for the Dyneema is repeated and the
ballistic limit determined. The velocity at 350 m/s
is shown in Figure 10. The final ballistic limit was
found to be between 200–250 m/s, considerably
lower than the Dyneema.
To confirm the behaviour was realistic the analyses
was repeated for Nylon. The behaviour is shown in
Figure 11. Clearly the drawing behaviour is differ-
ent; however, the same energy and shear behaviour
were used. This would indicate that the fibre stiff-
ness and strength are the important parameters and
confirms Cunniff original assumptions. The ballis-
tic limit was again considerably below that of
Dyneema.
High performance fibre test results are generally
available in the open literature, for example in [8,
9]. These tests are normally conducted on fibres

with yarns, typically 300 fibres or greater, hence the
stress in calculated based on the number and cross-
section area of these fibres. The strain is usually
determined via a contactless video device between
two known gauge points, perhaps several centime-
tres apart, while for the dynamic tests several mil-
limetres, a requirement for the dynamic tests to
achieve equilibrium. Examination of the failure
mechanisms clearly indicates a weakest link type
failure with individual fibres failing within the
gauge length, thus generating a fluffy appearance.
Thus no clear fracture surface is evident, which is
what would normally be expected for carbon and
glass based systems using a brittle matrix. Thus,
how is the strain at fracture, which could be
between A and E in Figure 7, determined for these
materials? For brittle composite systems it can be
relatively easily determined by performing addi-
tional fracture mechanics type tests [10] to deter-
mine the fracture energy, and if the strength is
known the ultimate fracture strain can be deter-
mined for the material model. For fibre tests, a vari-
ation in the failure stress is observed and is
generally a function of the number fibres in the
yarn, and the gauge length [9]. This is usually mod-
elled via a Weibull type approach on the strength,
however, details on the variation of the failure
strain and hence total fracture energy absorbed is
not available in the open literature. This does pose
the problem whether a probabilistic type approach
should be adopted since each Finite Element has a
finite volume, hence with the use of a Weibull dis-
tribution and Monte-Carlo type simulations such an
approach could be adopted. This poses the question
on which representative volume should be used for
such an analysis. Returning to the original question
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Figure 11. Ballistic impact (300 m/s above ballistic limit)
using Nylon laminate. XY displacement plot.

Figure 10. Ballistic impact (350 m/s above ballistic limit)
using Kevlar laminate. XY displacement plot.

Figure 9. Ballistic impact (300 m/s at ballistic limit) using
Dyneema laminate. XY displacement plot.



on how to select the appropriate failure strain this
should be taken from Hopkinson bar tests for the
anticipated strain rates. The static test results cannot
generally be used for reasons associated with strain-
rate, visco-elastic effects, etc. but more importantly
since the tests are conducted at static strain rates
once localisation and failure occurs in individual
fibres, elastic strain energy stored in the remaining
broken fibres elastically unload almost immediately
causing an abrupt unloading on the measured gauge
displacement. This unloading process is restricted
in the dynamics test, since at the higher strain rates
the unloading wave take a finite time to relaxes the
fibre, thus measuring the familiar triangular or half
sine wave shaped stress-strain curve as the force is
recovered from the bars, not directly at the speci-
men. This is well illustrated in [9].

5. Conclusions
The modelling approach appears to confirm the
originally assumptions developed by Cunniff in his
paper. The advantage of using numerical techniques
is that it allows the contact logic inherent within
most Finite Element codes to model different pro-
jectiles and their behaviour. Thus projectile area
and shape are modelled explicitly.
The approach can also be used to understand the
observed deviations of polypropylene performance
from the established correlations to Cunniff original
formulations. However, a robust methodology needs
to be developed to determine the final failure strain
to be input into the material model. Similarly to
determine the residual plastic strain cyclic unload-
ing tests would be required. Furthermore, the
approach can be applied to the development of
hybrid layers within an armour system. This could
follow the natural process often found in nature,
e.g. spider silks [14].
To model the actual hydrodynamic event at the
point of impact the EOS must be included within
the modelling approach [15]. As the model is pre-
sented it is most suitable for the rear part of a soft
armour system were hydrodynamic effects are sub-
stantial smaller. Modelling the complete penetra-
tion including all damage mechanisms remains
conceptually a difficult task with normal 3D Finite
Element [16].
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1. Introduction
Polybenzoxazines represent a rather new class of
thermosets formed by ring-opening polymerization
(ROP) of the benzoxazine (BOX), usually 1,3-ben-
zoxazine precursors. Nowadays they are considered
as most promising matrix materials for composites
in future aerospace applications. This expectation is
based on their excellent thermal properties (high
glass transition temperature, Tg), low flammability
(high char yield), high stiffness, low water uptake,
and practically no shrinkage upon curing (e.g. [1–
3]). As the curing of BOX occurs via ROP no
volatile by-products appear which supports the pro-

duction of void-free composites. A further benefit
in linked with the easy synthesis of BOX, the
monomers of which may be very versatile. Versatil-
ity is given by the fact that beside the necessary
formaldehyde various phenol and amine com-
pounds may be selected for the synthesis of BOX.
On the other hand, the thermally-induced polymer-
ization of BOX takes place at rather high tempera-
ture (T > 200°C) which is hardly acceptable by the
praxis. A further problem, early recognized [4], is
that the crosslink density of polybenzoxazine is sur-
prisingly low considering its high stiffness and Tg
when comparing with other thermosets of similar

                                                                                                    273

Structure, thermal and fracture mechanical properties of
benzoxazine-modified amine-cured DGEBA epoxy resins
S. Grishchuk1, Z. Mbhele2, S. Schmitt1, J. Karger-Kocsis2,3*

1Institut für Verbundwerkstoffe GmbH (Institute for Composite Materials), Kaiserslautern University of Technology, 
D-67663 Kaiserslautern, Germany

2Polymer Technology, Faculty of Engineering and the Built Environment, Tshwane University of Technology, Pretoria
0001, Republic of South Africa

3Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and
Economics, H-1111 Budapest, Hungary

Received 18 November 2010; accepted in revised form 20 January 2011

Abstract. First, traditional diamine hardeners of epoxy resins (EP) were checked as potential accelerators for the benzox-
azine (BOX) homopolymerization. It was established that the acceleration effect depends on both the type and amount of
the diamine compounds. In the follow-up work amine-curable diglycidyl ether bisphenol A (DGEBA) type EP was modi-
fied with BOX keeping the EP/BOX ratio constant (75/25 wt.%). The amine hardeners, added in the EP in stoichiometric
amounts, were of aliphatic and aromatic nature, viz. diethylenetriamine (DETA), 4,4!-diaminodiphenyl methane (DDM),
and their 1/1 mixture. The thermal, viscoelastic, flexural and fracture mechanical properties of the EP/BOX hybrids were
determined and compared to those of the reference EPs. Based on dynamic-mechanical thermal analysis and atomic force
microscopy the formation of co-network between EP and BOX was concluded. Homopolymerized BOX was built in the
network in nanoscaled inclusions and it was associated with internal antiplasticization. Incorporation of BOX improved the
charring, enhanced the flexural modulus and strength, and reduced the glass transition of the parent EP. The fracture tough-
ness and energy were not improved by hybridization with BOX.

Keywords: thermosetting resins, benzoxazine, epoxy resin, fracture mechanics, morphology

eXPRESS Polymer Letters Vol.5, No.3 (2011) 273–282
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2011.27

*Corresponding author, e-mail: karger@pt.bme.hu
© BME-PT



properties. This was explained by massive H-bond-
ing occurring between the phenolic –OH and terti-
ary amines of the Mannich linkage formed via ROP
in BOX ([1–3,5 and references therein]). Though
the development of BOXs followed different direc-
tions in the past two decades [2–3, 5–6], the reduc-
tion of the temperature of polymerization (curing)
and the increase of the crosslink density remained
always top priority issues.
The ROP of BOX can be catalyzed by both basic
and acidic compounds. In the open literature lots of
different compounds have been checked in respect
to their potential catalytic activity, whereby empha-
sis was put mostly on acidic compounds [1, 7].
Markedly less works were devoted to the potential
acceleration effect of basic compounds, and espe-
cially those of amine-group containing ones, on the
BOX polymerization. The latter is, however, of
paramount importance when the increase of the
crosslink density of polybenzoxazines is targeted
by coreactions (copolymerization, co-crosslinking)
with epoxy resins (EPs). Recall that amines are the
usual hardeners of low temperature curable EPs.
To increase the crosslink density of BOXs by co-
crosslinking with EPs was always a favored
research direction. In their pioneering work Ishida
and Allen [4] prepared BOX/EP ‘copolymers’ by
exploiting the reaction between the phenolic groups
(–OH) of the ring-opened BOX and epoxy (oxi-
rane) groups of the EP. Accordingly, no external EP
curing agent (hardener) has been used to prepare
the EP/BOX hybrids. The corresponding hybrids
showed enhanced Tg, high crosslink density and
ductility over the BOX homopolymers. The above
reaction pathway, i.e. BOX as hardener for EP, was
addressed by other researchers studying the related
mechanisms [8–9] and the effects of the chemical
build-up of the components [8]. Amine compounds
may have an acceleration effect (thermal kick-off)
on the BOX polymerization as demonstrated by
Kimura et al. [10]. Recently, amine curable EP
resins were also modified with BOX. Rao and
Pathak [11] used phenalkamine as EP curing agent
and concluded that the reactions between EP and
BOX occur in two-steps. At low temperature the EP
reacts with the amine, whereas at high temperature
the ROP of BOX is immediately followed by co-
crosslinking reactions occurring between the phe-

nolic –OH (BOX) and epoxy groups (EP). A two-
step reaction was proposed also for a special BOX
end capped EP cured by aromatic diamine (diamino
diphenyl sulphone) [12]. In a very recent paper
Agag et al. [13] reported on the preparation of pri-
mary amine-functionalized BOXs and their curing.
The differential scanning calorimetric (DSC) ther-
mogram of the primary amine-functionalized BOX
showed multiple exotherms above the melting and
below the polymerization temperature of the corre-
sponding BOX compound, which can only be
assigned to reactions between the oxazine and pri-
mary amine (–NH2) groups.
Considering the fact that primary diamines are the
usual hardeners for low temperature curable EPs, it
is straightforward to check their effects on the BOX
polymerization. This has been done in the present
work by selecting some amine hardeners with
aliphatic, cycloaliphatic and aromatic backbones. A
further aim of this work was to prepare BOX modi-
fied amine cured EPs and to study their structure-
property relationships.

2. Experimental
2.1. Materials
As potential accelerators for the BOX homopoly-
merization the following diamines have been
selected: diethylenetriamine (DETA), 4,4!-diamino-
3,3!-dimethyl-dicyclohexylmethane (Aradur® 2954
of Huntsman Advanced Materials, Basel, Switzer-
land), and 4,4!-diaminodiphenyl methane (DDM).
DETA (melting and boiling temperatures –39 and
207°C, respectively) and DDM (melting tempera-
ture: 92°C) were procured from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany). Note that
all of them are widely used EP hardeners. More-
over, due to their structure (aliphatic, cycloaliphatic
and aromatic) the primary amines have different
basic characters.
As bifunctional, diglycidyl ether bisphenol A based
EP resin D.E.R. 331 (Dow Deutschland Anlagenge-
sellschaft mbH, Schwalbach, Germany) was
selected. This EP has the following characteristics:
epoxy equivalent weight: 182–192 g/eq., viscosity
and density at T = 25°C 11–14 Pa"s and 1.16 g/ml,
respectively. The BOX used was an N-phenyl
bisphenol A based 1,3-benzoxazine (Araldite MT
35600 CH of Huntsman Advanced Materials). This
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BOX with a density of 1.18 g/ml at RT has a melt-
ing range of 80–85°C, and a viscosity range
between 80 and 180 mPa"s at T = 125°C.
The chemical structures of the materials used are
depicted in Figure 1.

2.2. Sample/specimen preparation
To check the potential acceleration effect of the
amines they were added in 10 and 20 wt.%, respec-
tively, to the powdered BOX followed by mixing in
a mortar. The BOX/amine mixes were left for 24 h
prior to their DSC testing. As demonstrated later by
showing the related dynamic DSC scans the amine
affected the homopolymerization of BOX differ-
ently. Based on the results two amines, viz. DETA
and DDM along with their 1/1 mixture (molar ratio)
were selected for the EP hardening. As the reactivi-
ties of DETA and DDM are very different both
towards EP and BOX, our interest was to check
their combination for which the DETA/DDM = 1/1
has been selected. The EP/amine ratio was stoichio-
metric in all recipes. Though the BOX reacts with
both the amine compounds (see later) and EP (as
disclosed above), it was considered as an inert
material. The EP(including hardener)/BOX ratio
was fixed at 75/25 wt.%.
The samples were prepared as described below.
First, the EP was warmed to 70°C and kept for
30 min in order to melt the eventually crystalline
fraction. Next, the powdered BOX was added to the
warm EP and mixed thoroughly (1900 revolutions
per minute, rpm) for 5 min. The mix was placed in a
thermostatic oven and stored at T = 110°C for
40 min to dissolve the BOX. Afterwards the amine
was introduced by mixing (160 rpm) for 4 min.
Finally, the mixture was deareated in vacuo and
poured in open molds manufactured from polytetra-

fluoro ethylene (PTFE). The PTFE molds contained
the cavities of the rectangular bars and compact ten-
sion (CT) specimens used for testing (see later).
The cure cycle (temperature vs. time) of the sam-
ples is depicted in Figure 2. Curing of the resins
according to Figure 2 occurred in a programmable
thermostatic oven of Kendro Laboratory Products
(Langenselbold, Germany).

Thermal and viscoelastic properties
A DSC 821e (Mettler Toledo, Giessen, Germany)
thermal analyzer was used to investigate the BOX
homopolymerization in presence and absence of the
various diamines listed before, and to detect the Tg
of the EP/BOX hybrids prepared. DSC thermo-
grams were registered in the temperature range
from T = 0 to 300°C at a heating rate of 10°C/min
under N2 flushing (30 ml/min). The sample weight
varied between 10 and 20 mg.
Dynamic mechanical thermal analysis (DMTA)
was taken on rectangular specimens (60 # 8 #
4 mm3; length # width # thickness) in three point
bending configuration (span length: 50 mm) at 1 Hz
using a DMA Q800 of TA Instruments (New Castle,
DE, USA). Tests were performed at a constant
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Figure 1. The chemical structures of the materials used

Figure 2. Cure cycle of the EP and EP/BOX hybrids



amplitude (50 $m) using sinusoidal oscillation and
under dynamic conditions in the interval T = 
–100…300°C at a heating rate of 1°C/min.
The hybrid resins were subjected to thermogravi-
metric analysis (TGA) in a DTG-60 device of Shi-
madzu (Columbia, MD, USA). The TGA experi-
ments were conducted under nitrogen atmosphere
(30 ml/min) in the temperature range T = 25…
600°C with heating rate 10°C/min.

2.3. Flexural and fracture mechanical
behavior

The flexural properties, namely, modulus and
strength of the hybrid resins, were determined on
rectangular specimens (60 # 8 # 4 mm3; length #
width # thickness) in three point bending at room
temperature according to EN63. The span length of
the specimens was 50 mm and their loading on a
Zwick 1474 (Zwick GmbH, Ulm, Germany) uni-
versal testing machine occurred with deformation
rate v = 1 mm/min.
The fracture toughness (Kc) and fracture energy
(Gc) were measured according to ISO 13586-1 stan-
dard. The tests were done on the Zwick 1445
machine at room temperature (RT) with a crosshead
speed of v = 1 mm/min. The CT specimens (dimen-
sion: 35 # 35 # 3 mm3; length # width # thickness)
were notched before loading by sawing. The sawn
notch of the CT specimens was sharpened by a
razor blade. The razor blade, fixed in a rig, was
positioned in the notch root before hitting the fixing
rig with a hammer. This ‘taping’ yielded the desired
sharp crack.

2.4. Morphology inspection
To get an insight in the morphology of the hybrid
systems the techniques scanning electron and
atomic force microscopy (SEM and AFM, respec-
tively) were adapted. The fracture surface of CT
specimens has been investigated in SEM using a
JSM 540 device of Jeol (Tokyo, Japan). The surface
was coated with an Au/Pd alloy prior to SEM
inspection using a Balzers SCD 050 (Balzers,
Lichtenstein) sputtering apparatus.
AFM scans were taken on polished samples by an
AFM device (Veeco/Digital Instruments GmbH,
Mannheim, Germany) in tapping mode, and the
related height- and phase-contrast images captured.
Commercial silicon cantilever (Pointprobe®NCH of

Nanosensors, Neuchatel, Switzerland) with a nomi-
nal tip radius of less than 10 nm (120 µm cantilever
length, 4 µm thickness, 30 µm width and spring
constant at 42 Nm–1, Nanosensors, Neuchatel,
Switzerland) was employed under its fundamental
resonance frequency of about 330 kHz. The scan
rates were set at 0.5 Hz for all images.

3. Results and discussion
3.1. Effects of diamines on the BOX

polymerization
Figure 3 displays the DSC thermograms of BOX
with and without the diamines selected.
It is clearly seen that all amines exhibited the sup-
posed acceleration effect as the peak linked with the
polymerization of BOX (T = 253°C) was shifted
toward lower temperatures. This is the right place to
mention that we do not use the term ‘catalytic effect’
because the amount of amines is much too high for
catalysts. In contrast to the aromatic diamine, in the
traces of BOX with DETA and the cycloaliphatic
diamine two exothermic peaks could be resolved.
The high temperature peak should be assigned to
the BOX homopolymerization. The low tempera-
ture peak, on the other hand, obviously reflects the
reaction between BOX and amine. This finding is in
line with that of Agag et al. [13]. On the other hand,
neither the amine consumption nor the related reac-
tion were studied in detail. It is noteworthy that the
low temperature exotherm peaks at lower tempera-
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Figure 3. DSC traces showing the thermally-induced poly-
merization of BOX with and without 10 wt.% EP
(a), as well as the effects of aliphatic (b),
cycloaliphatic (c) and aromatic diamines (d),
added in 10 and 20 wt.%, respectively. Notes:
scatter in the DSC traces of BOX/DETA at T >
220°C is due to the decomposition of DETA.
BOX combined with EP (without amine hard-
ener) does not affect much the curing



ture for the DETA than for the cycloaliphatic
diamine. This suggests differences in the basic
character of the diamines which follows the rank-
ing: aromatic < cycloaliphatic < aliphatic. It is also
well resolved that with increasing amine content the
intensity of the low temperature exotherm increases,
whereas the high temperature one decreases. The
thermal behavior of the BOX/DDM system differs
markedly from BOX/DETA and BOX/cycloaliphatic
diamine. In BOX/DDM only one exothermic peak
appears. Accordingly, the BOX homopolymeriza-
tion is superimposed to the oxazine/amine reaction.
With increasing DDM content the exothermic peak
is shifted toward lower temperatures whereby its
intensity is highly reduced. Parallel to that the onset
of this peak (i.e. where deviation starts from the
base line) was markedly reduced. To sum up the
above results one can establish that diamines are
suitable accelerators of the BOX polymerization
and the acceleration effect strongly depends on both
their chemical structure and amount. The DSC
traces in Figure 3 substantiate that the starting tem-
perature for BOX curing (second exothermic peak)
lies at T % 180°C. That was the reason to select this
temperature along with a long holding time for the
final step of the cure cycle given in Figure 2. The
large difference in the acceleration of BOX poly-
merization between DETA and DDM prompted us
to select them, and consider their 1/1 mixture, as
well, as EP hardeners.

3.2. Thermal and viscoelastic properties of
EP/BOX hybrids

Figure 4 shows the DSC traces of the amine-cured
EP and EP/BOX hybrids. The Tg steps are well
resolved for all systems. As expected, crosslinking

with DDM yielded the highest, with DETA the low-
est Tg, and the Tg of the EP cured with mixed
DETA/DDM (1/1) is in between. The EP/DETA
starts to decompose at T > 270°C based on the
exothermic flank in the corresponding curve.
Effects of the diamines on the Tg of the EP/BOX
(75/25 wt.%) differ from those noticed for the EP
reference samples. Though DDM gives the highest
Tg, the Tg data are similar for DETA- and DETA/
DDM-cured EP/BOX. The presence of BOX did
not enhance the Tg, just the opposite tendency hap-
pened. This suggests that the EP/diamine ratio was
no more stoichiometric due to the reaction between
the oxazine and primary amine groups. The shallow
exothermic peak at T % 240°C may hint that the
BOX was not fully (co)cured in the related sample.
The rise of the DSC trace in exothermic direction at
T > 275°C reflects the onset of degradation.
Figure 5 compares the DMTA spectra of the amine-
cured EP and EP/BOX (75/25 wt.%) hybrids.
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Figure 4. DSC thermograms for the amine-cured EP and
EP/BOX hybrids

Figure 5. Storage modulus (E!) and mechanical loss factor (tan!) in function of temperature for the amine-cured EPs (a) and
EP/BOX hybrids (b)



The E! vs. T traces of the amine-cured EPs split
from each other only at T > 50°C. As expected, the
highest stiffness and Tg were delivered by DDM,
followed by DMM/DETA and the lowest one pre-
sented the DETA-cured EP. Based on the tan! vs. T
traces the type of the amine did not influence the
beta-relaxation (T % –50°C) by contrast to the
alpha-relaxation (Tg). Tg values, read at the peak
temperature of the alpha-relaxation, followed the
ranking: DETA < DETA/DDM < DDM in concert
with the DSC results. The Tg values are summa-
rized in Table 1.
The course of the E! vs. T traces of EP/BOX is not
as smooth as found for the reference EPs. On the
other hand, comparing the corresponding E! vs. T
traces for EP and EP/BOX (75/25 wt.%) in Fig-
ure 5a and 5b, respectively, one can recognize that
modification with BOX improved the stiffness of
the EP. Comparing the tan! vs. T traces of the EP
and EP/BOX (75/25 wt.%) containing the same
diamine, two striking features can be observed:
i) Tg was reduced by the incorporation of BOX
(which is in line with the DSC results (cf. Figure 4
and Table 1), and ii) the tan! peak of EP/BOX
cured with the mixed amines (DETA/DDM) became
broader than in the corresponding EP. Stiffness
increase parallel with Tg decrease are usually caused
by antiplasticizers, which is a known phenomenon
also for EPs (e.g. [14–15]). The so-called internal
antiplasticization caused by a change of the net-
work structure. This is observed for non-stoichio-
metric or partially reacted epoxy-amine systems or
when using a monoamine as a chain extender [14].
The two former features are present in our case due
to the incorporation of BOX: BOX reacts namely
with both amine and EP, but was considered as non-
reactive additive in our formulations. It was also
demonstrated that that antiplasticization affects the
beta-relaxation similarly as the reduction of crosslink
density, i.e. shifts the related peak toward lower

temperature [15]. This can be observed also in our
case – cf. beta peak at T % –75°C in Figure 5b.
The co-curing of EP with BOX is well reflected by
the data of the rubber plateau modulus (E!R). E!R
data were read at Tg + 30°C for the EP and EP/BOX
hybrids studied and are also listed in Table 1. The
E!R data can be used to estimate the crosslink den-
sity according the theory of rubber elasticity (Equa-
tion (1)):

                                                            (1)

where "c is the crosslink density, R is the gas con-
stant, and T is the absolute temperature (i.e. at
Tg + 30°C).
The crosslink densities are also included in Table 1.
The broadening of the tan! peak for the EP/BOX
(75/25 wt.%) can be explained by the difference in
the reactivity between the related amines and the
oxazine. The amine/oxazine reaction affects later
on the EP curing and EP/BOX co-curing, as well.
The DMTA analysis revealed that the modification
with BOX enhanced the stiffness (E-modulus),
decreased the crosslink density and reduced the Tg.
The decreasing crosslink density of the hybrids can
be traced to the low crosslinking density of the
homopolymerized BOX. Ranking of the neat EPs in
respect to the crosslink density (EP(DDM)-Ref >
EP(DETA/DDM)-Ref > EP(DETA)-Ref) differs
from that of the EP/BOX series (EP(DDM)/BOX &
EP(DETA)/BOX > EP(DETA/DDM)/BOX). This
is due to the formation of an EP/BOX co-network,
which is influenced by chemical reactions among
the EP, amine hardener and BOX. This affects the
distribution of the possible intra- and intermolecu-
lar hydrogen bonds, as well. According to our opin-
ion the structure development in EP/BOX hybrids
is mostly controlled by differences in the chemical
structure and reactivity of the diamines (DETA,
DDM).

nc 5
E9R
3RT

nc 5
E9R
3RT
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Table 1. Thermal and viscoelastic parameters of the resins prepared

System Tg [°C] E! [MPa] "c
[mol/dm3]

T2%
[°C]

Char yield
[wt.%]DSC DMTA RT Tg + 30°C

EP(DETA)-Ref 135 130 2690 33 3.06 327 9.0
EP(DETA/DDM)-Ref 155 155 2690 41 3.59 338 14.0
EP(DDM)-Ref 173 174 2630 43 3.61 362 17.5
EP(DETA)/BOX (75/25) 132 134 3245 28 2.57 317 14.0
EP(DETA/DDM)/BOX (75/25) 133 151 3560 23 2.03 309 25.0
EP(DDM)/BOX (75/25) 158 164 3720 30 2.58 335 22.3



It remains, however, an open issue how the BOX
units are incorporated into the EP network, and
whether or not BOX is completely cured.
The TGA curves, registered on the EP and EP/BOX
systems confirm that BOX incorporation improved
the charring, in fact – cf. Figure 6. The temperature
values linked with 2 wt.% loss and the char yield at
T = 600°C are listed in Table 1, too. TGA traces in
Figure 6 demonstrate that curing with DDM results
in more temperature resistant EP-based systems
than with DETA. A further finding is that the degra-

dation onset was reduced by the BOX present,
albeit the amount of the final residue (char) was
enhanced. This suggests that the products of the
reaction between oxazine and amine are less tem-
perature resistant than those formed via epoxy/amine
and epoxy/benzoxazine reactions.

3.3. Static flexural and fracture mechanical
properties

The static flexural properties, i.e. E-modulus (Ef),
strength (#f) and displacement at maximum load
($f,m) are listed in Table 2. One can establish that the
E-modulus and flexural strength increased, whereas
the displacement at maximum load decreased with
BOX incorporation. Accordingly, BOX acted as
reinforcement in the related EP/BOX hybrids. On
the other hand, no clear tendency could be detected
for the flexural properties in function of the type of
the diamine compounds. The highest Ef and #f were
found for the mixed amine-cured EP/BOX.
The fracture mechanical data, also listed in Table 2,
yielded unexpected results. Modification with BOX
slightly reduced both the fracture toughness (Kc)
and fracture energy (Gc) compared to those of the
reference resins. Moreover, the fracture mechanical
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Figure 6. TGA traces registered for the EP and EP/BOX
(75/25 wt.%) hybrids

Table 2. Flexural and fracture mechanical data for the EP and EP/BOX hybrids (75/25 wt.%).

Material
Properties

Flexure Fracture mechanics
Ef [MPa] #f [MPa] $f,m [%] Kc [MPa%m1/2] Gc [J%m2]

EP(DETA)-Ref 2829±73 111.0±9.6 6.85±1.10 0.78±0.03 333±24
EP(DETA/DDM)-Ref 2644±119 98.1±5.7 8.02±2.48 0.74±0.03 308±39
EP(DDM)-Ref 2424±257 121.8±9.2 8.41±0.82 0.80±0.07 362±54
EP(DETA)/BOX (75/25) 3117±228 116.7±25.8 4.39±1.71 0.68±0.07 235±56
EP(DETA/DDM)/BOX (75/25) 3785±473 167.4±26.5 5.88±1.21 0.74±0.10 215±48
EP(DDM)/BOX (75/25) 3250±221 147.6±15.2 6.41±0.38 0.64±0.08 214±42

Figure 7. SEM pictures taken of the fracture surface of EP(DETA/DDM) (a) and EP(DETA/DDM)/BOX (75/25 wt.%) (b)
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Figure 8. AFM height (left) and phase images (right) on the systems EP(DDM)/BOX = 75/25 wt.% (a), EP(DETA)/BOX =
75/25 wt.% (b) and EP(DETA/DDM)/BOX = 75/25 wt.% (c). Note: some vertically aligned ‘tails’ in the phase
image picture c are related to experimentally-induced artefacts (indicated by arrows).-



response of the systems was practically not influ-
enced by the amine used. Based on the fact that the
E-modulus and strength of the EP increased by
BOX hybridization, one expected an increment in
Kc and a reduction in Gc compared to the reference
EP resins. This was not the case that should rely on
the morphology of the hybrid resins. Nevertheless,
the Kc and Gc data of the EP/BOX hybrids are supe-
rior to the polymerized neat BOX.

3.4. Morphology
The fracture surfaces of the amine-cured EP and
EP/BOX hybrids are very similar to each other.
This, suggesting that the fracture mechanical param-
eters should be similar, as well (which is the case, in
fact, as shown by the data in Table 2), is demon-
strated on the example of EP(DETA/DDM) and
EP(DETA/DDM)/BOX (75/25 wt.%) in Figure 7.
The appearance of the fracture surface suggests that
BOX is well incorporated in the EP network, and its
domain size (in case of eventual phase separation)
should lie in submicron range. The AFM work sup-
ported this suggestion (see below).
The AFM height and phase images, taken from the
polished surfaces of the EP/BOX system hardened
by different amines are depicted in Figure 8. The
white spots in the AFM phase images represent the
homopolymerized BOX. In case of DDM hardener,
the thermally homopolymerized BOX is finely and
uniformly dispersed in the EP matrix. The size of
the polymerized BOX inclusions is in the range of
5–100 nm (main fraction is in the range of 7.5–
45 nm). By contrast, the dispersion of the homopoly-
merized BOX in the DETA-hardened EP is coarse
and broad (particle size of 15–150 nm). The change
in the BOX dispersion is linked with the phase seg-
regation between EP and BOX, governed by the
gelling/crosslinking of EP. The latter is much faster
and occurs at lower temperatures with DETA than
with DDM hardener. This results in a fine distribu-
tion of homolymerized BOX in the EP matrix with
DDM and a coarse one with DETA hardening. As,
expected, the polymerized BOX appears in a
bimodal-like distribution of 7–120 nm particles in
the EP(DETA/DDM)/BOX system (cf. Figure 8c).

4. Conclusions
It was established that amine hardeners accelerated
the homopolymerization of benzoxazine (BOX).

Based on this knowledge an amine-curable bifunc-
tional epoxy resin was modified with BOX at a fix
ratio (EP/BOX = 75/25 wt.%) and the basic thermal
and mechanical properties of the corresponding
hybrid determined. As amine hardeners an aliphatic,
an aromatic diamine, and their 1/1 mixture were
selected. The properties were collated with those
measured on the reference EP. The outcome of this
research work can be summarized as follows:
Network structure and morphology
–'The amine-hardened EP formed a co-network

with the BOX. This contained nanoscaled inclu-
sions of the homopolymerized BOX. The disper-
sion characteristics of the hompolymerized BOX
depended on the amine type. The finest disper-
sion was found for DDM, whereas a coarse one
for DETA hardener. This was traced to the phase
segregation process governed by the gelling and
crosslinking of the EP with the given diamine.

Thermal properties
–'The Tg of the hybrid was lower than the reference

EP that was traced to off-stoichiometry caused by
the amine/oxazine reaction. The observed inter-
nal antiplasticizing effect of BOX in EP/BOX
hybrids was traced also to off-stoichiometry,
affected by the reaction between BOX and EP, as
well. Although the thermal degradation of the
hybrid preceded that of the reference EP, incor-
poration of BOX was associated with a pro-
nounced increase in the char yield.

Mechanical properties
–'BOX incorporation enhanced the stiffness (E-

modulus) and strength based on DMA and flex-
ural tests. This was explained by the nanoscaled
homopolymerized BOX, well connected to the
EP network. On the other hand, none of the frac-
ture mechanical parameters could be improved
by adding BOX.
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