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ARTICLE INFO ABSTRACT

Keywords: In this study, application relevant toughened epoxy-amine formulations were investigated regarding their me-
Epoxy chanical behavior at low temperatures and compared to a non-toughened reference. The application-oriented
Mechanical testing resins are based on reactive diluent-modified diglycidylether of bisphenol A (DGEBA) which were tested at
Eiag:;emc;‘j::tsrr:pagatmn 22°Cand —50 °C in regard to their fracture toughness (Kjc) and fatigue crack propagation (da/dN) behavior. The
Toughener E' and E”” moduli and the corresponding glass transition temperatures T, were determined via dynamic me-
Low viscosity chanical thermal analyses (DMTA) which also described the influence of the block copolymeric toughener on the
epoxy resin network. The plastic zone size, calculated during crack propagation, reveals the temperature
dependent toughener-matrix interaction. The prevailing energy dissipation mechanisms were correlated with the
changes of E’. SEM micrographs confirm the superior performance of the toughened system at —50 °C by the
decrease of the fatigue cack propagation slopes and highlight the trends of the materials low temperature

behavior.

1. Introduction

Epoxy resin systems are widely used as engineering polymers for
adhesives, coatings, housings. Due to their low viscous appearance in
uncured state, these systems are also ideal for manufacturing light-
weight composite materials [1]. Due to their excellent resistance to
environmental and chemical media, as well as their good creep
behavior, they offer a perfect balance in processability and mechanical
performance for reinforced aerospace propulsion storage modules
[2-4.]. Indeed, in order to being able to increase a rockets payload,
lightweight aerospace fuel vessels are currently under development. The
specific processing route depends on the vessel geometry and size, thus
the functional properties of epoxy resins as potential matrices, namely
the glass transition temperature (Ty), the tensile strength, and the frac-
ture toughness have to be evaluated. While large scale rotational sym-
metric parts are manufactured by automated tape laying (ATL) with
prepregs, smaller pressure vessels in the range of 10-50 L for automotive
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applications are manufactured via filament winding. [5] Balancing the
right gel-time, reactivity, and viscosity of the matrices is already chal-
lenging. Additionally, suitable toughness modification to ensure an op-
timum performance in low temperatures environments of gaseous
hydrogen (—50 °C) is a current research topic. Increasing the resistance
against cracking especially at lower temperatures can be carried out by
adding high molecular weight curing agents to flexibilize the network
and decrease the crosslink density. [6-8]

Another, more classical solution, to increase the crack propagation
resistance is considering common toughening agents such as organic
rubber particles or spherical silica particles [9-17]. Even though they
successfully improve the materials toughening behavior, they exhibit
various disadvantages such as particle filtration, a drop of Young’s
modulus by rubber particles and increasing viscosities. The latter is a
major drawback as regards LCM and wet winding process. Thus, to
overcome these issues, a series of new generation additives such as
preassembled or reaction induced assembling Core-Shell-Particles (CSP)
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have been introduced in the past years. SBS- PBu-SBS core--
shell-particles with an energy dissipating rubber core or PCL-PDMS- PCL
with a low temperature active silicone core, [18-24] and Block
Co-Polymer (BCP) based CSP-like additives, which phase separate in the
epoxy matrix by reaction induced phase separation (RIPS) or
self-assembly (SA) [25-31] can be mentioned here. Those latter tough-
eners boost the critical stress intensity factor Kjc (i.e., a direct mea-
surement on the increase of toughening behavior) efficiently with very
low volume fractions and show no filtration or viscosity changes due to
inherent precipitation while curing. The toughening mechanisms at
room temperature are very well known in literature. However low
temperature properties, especially in fatigue crack propagation, essen-
tially required for the construction of long-term cycled thermosetting
composite components such as filament winded hydrogen vessels are
not highlighted in greater depth in combination with applicative rele-
vant epoxy resin systems with focus on industrial processing. Indeed, a
special requirement for pressure vessels is low temperature performance
for fuel liquids, e.g., liquid hydrogen, where the storage tank undergoes
temperatures down to 20 K. Thus, materials with an enhanced resistance
to microcracking at cryogenic temperatures has started to be studied in
thermoset-polymers and fiber reinforcement applications. [2,32-35]

Microcracking might result from a thermal expansion mismatch be-
tween the matrix and the fibers. This can be avoided or reduced by
modifying the matrix to a certain fracture toughness level [32,36-42] In
the past several years, the investigation of dynamic fatigue crack prop-
agation (i.e. da/dN tests) phenomena, pioneered by Paris and Erdogan
[43,44] has gained great interest in the case of functional thermoset
materials. Indeed, this property is of paramount concern for stress and
temperature cycled composite parts in aerospace and the automotive
industries, with pressure vessels being an application, as such experi-
ments can predict the cycle lifetime of a part that has suffered a crack
over its applicative lifetime. In that regard, da/dN measurements are
able to characterize the variation in fatigue crack propagation behavior
in presence of additives or charges. Various types of additives have
demonstrated to improve this materials property, for instance silicone or
CTBN [45], inorganic nanosilica [46] of various sizes and shapes [47,
48] and finally, BCP tougheners [49]. Nevertheless, most of the da/dN
tests are carried out at room temperature, but information about the
materials behavior during low temperature service conditions are
missing. As such this works aims to study the fatigue crack propagation
behavior of BCP-toughened epoxy resins for filament winding at —50 °C
and at room temperature. These characterizations are linked to the
material’s inherent properties such as the glass transition temperature
T, their Young’s modulus, their static fracture toughness and the BCP
particle distribution in regard to fatigue crack propagation behavior.
This approach allows to describe the physico-chemical phenomena
leading to a variation on the materials behavior at specific temperatures.
By considering such an approach, the behavior of the investigated ma-
terials can be understood for future composite pressure vessel
applications.

2. Materials

LITESTONE™ epoxy systems developed for LCM were kindly sup-
plied by Olin Corporation (Blue Cube Assets GmbH & Co. KG, Stade,
Germany). Both, the toughened and non-toughened systems are based
on modified epoxy resin LITESTONE™ 2100E with an epoxy equivalent
weight (EEW) of 170 g/mol and consist of >75 wt% of DGEBA and <25
wt% glycidylether based reactive diluent [50]. Thus, low viscosities of
below 3000-3500 mPa*s achieve advanced wetting properties and
reduced infusion times. Two aliphatic diamine curing agent mixtures
based on, poly-oxy-propylene-diamine and a mix of cycloaliphatic di-
amines, one with (LITESTONE™ 2117H) [51] and one without (LITE-
STONE™ 2107H) toughening agent [52] were used in this study. The
toughening agent based on a phase separating amphiphilic block
copolymer [53] tends to form 350-400 nm sized micellic structures
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while curing, resulting in milky resin castings. The 2K formulation was
used as received from the supplier.

3. Experimental
3.1. Curing and sample preparation

The two investigated epoxy resin systems were mixed at a weight
ratio of 100:28 (2100E + 2107H) and 100:29 (2100E + 2117H) for 20
min using an IKA lab stirrer at 300 rpm. Afterwards, the liquid mixture
was degassed for 10 min below 10 mbar prior to curing until no air
entrapments were identified. The epoxy-amine mixture was poured into
vertical aluminum molds of dimensions 200 x 200 x 4 mm?>. The curing
for both systems took place in a Memmert convection oven with a curing
process of 30 min 70 °C for gelation and 4 h at 110 °C for post-curing
according to the suppliers datasheet. Afterwards the material was
cooled down for 6 h to room temperature to prevent internal stress.
Samples with corresponding geometries according to the ISO standards
for each experiment were either cut with a Mutronic DIADISC5200 dia-
mond plate saw, or CNC milled by a Mutronic Diadrive 2000.

3.2. Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMTA) was used to measure
of the materials complex — storage (E') and loss moduli (E’’) versus the
change of temperature. The glass transition temperature T, was deter-
mined by the maximum of the loss factor tan §. A Gabo Eplexor 500 N
(Gabo Qualimeter Testanlagen GmbH Ahlden, Germany) was used in
single cantilever mode. The samples with a geometry of 50 x 10 x 2
mm? were tested at a heating rate of 3 K/min from —100 to 120 °C, a
frequency of 1 Hz in unidirectional tension loading, and a deformation
of 0.1% in the linear regime. The same procedure was carried out with a
Rheometric scientific RDAIII from 20 to 180 °C, but to measure storage
modulus G’ in torsion to precisely determine the network density vc.
Storage modulus G’ in the rubbery state was taken to calculate this bulk
material value according to equation (1) [54,55]:

/

G
T R*T
Here, R is the gas constant (= 8.314 J/mol K) and T is T; +-50 K in
absolute temperature.

Ve

€8]

3.3. Mechanical characterization

3.3.1. Tensile & compression testing

The tensile modulus was measured by tensile testing of 5 specimen
with 1B dog-bone specimens in dimensions 150 x 10 x 4 mm®. They
were tested with a crosshead speed of 5 mm/min according to DIN EN
ISO 527-2. The samples yield behavior, was investigated by compression
testing. Five samples per formulation of dimensions 10 x 10 x 4 mm>
were tested with a crosshead speed of 5 mm/min according to EN ISO
604. Both tensile and compression tests were done on a ZwickRoell Z050
universal testing machine (ZwickRoell GmbH & Co. KG, Germany)
equipped with a load cell of 20 kN and a temperature chamber for
compression cooling.

3.4. Fracture toughness

Quasi static mechanical tests were carried out to characterize the
critical stress intensity factor K in Mode I (Kjc) with ISO 13586. Five
samples per formulation were tested on a ZWICK Z020 equipped with a
load cell of 5 kN and a temperature chamber operating with a
compressor cooler allowing testing temperatures down to —50 °C. The
room temperature samples references were measured at 22 °C with 50%
r.H.

According to ISO 13586 CT-specimens with a geometry of 39.6 X
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41.25 x 4 mm® and a sharp crack tip were tested with a traverse speed of
10 mm/min. KIC was then calculated according to Equation (2):

Kic =gt/ () @
where Fpy is the maximum force leading to crack propagation, d is the
specimen thickness, w (i.e. = 33 mm) is the efficient width and f (a/w) is
a geometrical term coming from the initial sharp crack length a and the
sample geometry [46]. From Kj: values, the fracture energy Gjc was
calculated according to Equation 3.

(Kic)*

Gic= $(1—0%) 3
E is the Young’s modulus derived from temperature dependent ten-
sile testing and v is the Poisson’s ratio, taken to be 0.35 for epoxy in the
glassy state.
The diameter of the plastic zone d, was calculated according to
Irwin’s theory along Equation (3), with the assumption of a plane-strain
deformation behavior of brittle epoxy [16, 56]

1 Kic
" 37 oy

2 )’ @
where oyis the compression yield strength, derived from the compres-
sion testing. Compression testing was carried out since epoxy resins as
brittle materials do not tend to yield under tensile load, especially under
low temperature. The tensile yield behavior was calculated by multi-
plying the compression yield value by roughly 0.793 according to [16,
56].

The notion of the plastic zone dp is an estimation that allows to
compare materials as regards the ease with which a crack propagates. dp
can be thought as a locally modified zone of the polymer around the
crack in which the local tension in the material provokes a very local
plasticization. However this must not be fully compared with the meso-
and macroscopic brittle or elasto-plastic behavior of the polymer. Epoxy
resins whether at room temperature or low temperature fail in the linear
elastic regime and do not tend to yield via a plastic deformation like
thermoplastics. In our study, all measurements were done well below Tg,
thus we would expect our samples to behave as brittle polymers with
very localized plasticized zones around the crack tips.

3.5. Fatigue crack propagation

The crack growth rate da/dN was measured in a time frame of 16 h
with a servo hydraulic testing machine IST Hydro pulse MHF until un-
stable crack growth and failure of the specimen took place. Two samples
per formulation with the same dimensions as described for fracture
toughness measurements were tested since the measurements were very
reproducible. A MTS clip-on gauge was fixed on the sample allowing to
monitor the crack opening displacement § at a testing frequency of 10
Hz. The —50 °C testing was carried out in a temperature chamber with
an indirect liquid nitrogen evaporation set-up. The temperature was
measured directly at the sample in a steady state temperature range of
—51 + 1.5 °C with a sinusoidal temperature oscillation.

The crack growth rate da/dN was calculated with the compliance
method according to Paris’ and Erdogan’s empirical crack propagation
law [43, 44]
da

T — CAK™
dN c ®)

where, da is the infinite change of the crack length in mm per applied

loading cycles N, which is in dependency of a material constant C. The

applied stress intensity value is expressed by AK = Kinax-Kmin (,?:;",

set to

0.1) and the slope of the curve is represented by m.
The crack tip opening displacement Sfor plane-strain conditions
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which embodies the range of the crack tip during the load cycle, was
calculated according to Equation (6).
AK,..°
s=D8ma” g 2 6
Eo, 5 o) ©)
Analogous to the plastic deformation around the crack tip derived
from static measurements, the dynamic plastic zone was calculated with
AKpgy from da/dN measurements according to Equation (7) [57]:

1 (AKmax
P73 oy

) %)

3.6. Scanning electron microscopy

The fractured cross section of the CT specimens after testing at room
temperature and at —50 °C was characterized by a Zeiss Gemini 1530
Scanning Electron Microscope. Surfaces were platinum-sputtered with a
thickness of approximately 5-10 nm. The SEM acceleration voltage used
was 3 kV.

4. Results
4.1. Dynamic-mechanical thermal analysis (DMTA)

DMTA measurements were undertaken to obtain a first insight on the
evolution of the thermomechanical behavior upon the temperature
performance for the studied samples.

Fig. 1a shows the complex modulus E* and the tan § values of both
epoxy-amine systems in a temperature range from —120 °C to +120 °C.
It is firstly observed that the toughened epoxy system exhibits a higher
complex modulus E* throughout the whole temperature range in com-
parison to the non-toughened neat resin. A possible stiffening effect of
the particles on the epoxy network can be explained as follows: both
studied materials show a change of the slope related to a decrease of the
modulus from 6000 MPa at —120 °C down to roughly 2700 MPa at room
temperature. This drop is directly related to the beta relaxation of these
materials, which corresponds to local aromatic ring motions within the
chain segments [58]. It is observed in Fig. 1b that the peak corre-
sponding to the beta relaxation is definitely widened and shouldering

a)

—— Neat Epoxy
——— Toughened Epoxy

Storage modulus E'/ MPa
Loss factortan &/ —

aaaaaaaalasasaaaabesssssaaboaannaaalossssssalossaaaaalonnanany
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Fig. 1a. Complex modulus of neat and toughened epoxy at 1 Hz with 3 K/min
heating rate in dependency of temperature.
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Fig. 1b. Loss factor tan & of neat and toughened epoxy as a ratio of E' and E”’

seems to appear in presence of the BCP-toughener. This indicates that a
higher stiffness can be related to a change of the molecular motion in the
epoxy’s beta relaxation coming from the nano-sized toughener particles
(see Fig. 1b).

Additionally, it is also observed that the T, and the width of the peak
corresponding to this transition, listed in Table 1, are not influenced by
the presence of the toughener, which is a very positive phenomenon.
This means that there is surprisingly no negative effect on the material’s
molecular mobility at the chain scale. Furthermore, the calculated ma-
terials crosslink density increases slightly from 2363 to 2703 mol/m?> by
adding the toughener. This means that the particles increase the storage
modulus G’ taken for the v¢-calculation in the rubbery regime indirectly.
It is widely accepted that the presence of micron-sized or non-
compatible particles in epoxy resins leads to a drop on modulus, T,
and crosslink density. Moreover, a previous study conducted by the
authors on similar systems containing BCP-CSP, showed a similar trend
of increasing functional properties. The increase of the modulus and
crosslink density, without modifying the T, was explained by a positive
synergy between the uncured matrix and the particles, which would act
as nucleation point, where accelerated curing occurs. This was proved
by the use of B DQ Time domain NMR experiments [59]. The obser-
vations in the previous study, lead us to suggest that the presence of the
toughener yields two populations of chains with different molecular
mobility at the local scale (i.e. at the scale of aromatic rings), leading to
two distinct beta relaxations in the material [55,60]. The shouldering in

Table 1
Detailed data derived from DMTA measurements.

Non-Toughened Toughened

2100E + 2107H 2100E + 2117H

max. tan § (Tg) 105 °C 105°C
Width at half height 16.3°C 15.4°C
Crosslink density vC 2363 mol/m® 2703 mol/m®
E' at —50 °C 3702 MPa 4152 MPa

E at 22 °C 2505 MPa 2785 MPa
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the DMA diagram observed at ca. —20 °C would correspond to the local
motions of chains closest to the BPC-CSP particles whereas the shoul-
dering at —80 °C would correspond to the local motions of the bulk
matrix [20]. Furthermore, even though an increase on the calculated
crosslink density is observed, the T, does not vary as these systems are
highly crosslinked and it might be possible that the critical theoretical
crosslink density yielding the maximum theoretical T, of these matrices
has been attained for both samples.

It is thus seen from DMTA measurements that the overall thermo-
mechanical behavior of the epoxy resin is modified by the presence of
the BCP toughener, both at the molecular (i.e. beta relaxation) and
macroscopic (i.e. complex modulus E*) scale. In order to deepen the
materials understanding, the static mechanical properties were charac-
terized at various temperatures to assess the fracture mechanical inter-
action of the BCP particles with the epoxy matrix.

4.2. Quasi static mechanical properties

For a first overview, the tensile tests highlighted in Table 2 show an
increased Young’s modulus at —50 °C. This stiffening effect as a
consequence of the low temperature combined with a reduced elonga-
tion at break from roughly 7% to below 2% is in accordance with the
literature. But the modulus increase is not as drastic as highlighted
before in DMA. This effect can be explained by the measurement setup of
DMA in between 0.01 and 0.1% deformation and additionally a higher
testing speed at the frequency of 1 Hz which seems to have an influence
on the modulus especially at low temperatures. Furthermore, also the
tensile strength of the toughened EP increased, the neat one decreased
due to the sample’s quality which was found to be a crucial parameter in
low temperature testing. Every sample imbalance results significantly in
a catastrophic failure case. It was also seen that compression testing is
not as sensitive to sample quality. Here the two systems show the same
increased compression strength of 170 MPa and no influence of the
toughener on the macroscopic material properties.

Moreover, for toughened epoxy matrices, toughening is the most
pertinent property indicating a variation on functional performances.
This property is quantitatively analyzed by measuring the critical stress
intensity factor Kjc. Additionally, the fracture energy Gjc is also a
pertinent parameter as it takes into account the materials Young’s
modulus.

Firstly, comparing the room temperature measurements, an increase
of Kjc from 0.69 + 0.04 to 1.05 + 0.07 can be observed in Fig. 2. By
doubling the fracture energy Gy, the expected toughness enhancement
by the BCP is demonstrated. Moreover, a rise of Kjc within the neat
system at —50 °C can be observed. The literature explains this effect by a
contracting network, which results in higher forces required for crack
propagation which induce instable crack growth. This is even more
significant in cryogenic environments such as liquid nitrogen [6,61,62].

Table 2
Static mechanical properties derived from tensile and compression testing.

Testing Neat 2100E Toughened 2100E
Temperature + 2107H + 2117H
Young’s modulus E +22°C 3140 + 47 3050 + 36
[MPa] (Tensile)
Young’s modulus E -50°C 3478 + 166 3454 + 264
[MPa] (Tensile)
Compression Yield +22°C 91.4 + 2.5 93.6 + 1.1
strength [MPa]
Compression Yield -50°C 170.2 £ 5.1 170.3 £ 1.7
strength [MPa]
Tensile strength [MPa] +22°C 742 +1.8 70.4 + 0.6
Tensile strength [MPa] -50°C 63.1 +£2.9 74.54 £ 4.1
Elongation at break +22°C 6.9 £ 0.2 7.63 + 0.4
[MPa]
Elongation at break -50°C 1.9+0.1 2.5+ 0.16

[MPa]
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Fig. 2. Fracture toughness measurements of toughened and non-toughened epoxies
at 23°C and -50 °C.
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Distinctly is the opposite effect in the toughened epoxy highlighted
in Fig. 2. Kj¢ as well as Gy¢ drops towards the level of the neat resin
system. This indicates a more brittle behavior. In dependency of the
quasi static-testing, fast crack propagation observed with a CT specimen
takes place, thus decreased interaction of the BCP toughener at lower
temperature at high deformation rates is a consequence. Additionally,
the separated effect of an increased matrix ductility occurs at lower
temperature, higher than the neat epoxy samples. Hence the macro-
scopic fracture morphologies are shown in Fig. 3. These images present
in a graphic manner the role of the particles in the resin, namely their
influence on the fracture toughness and dissipation mechanisms as a
function of the testing temperature.

While the non-toughened epoxy in Fig. 3a shows barely energy
dissipating deformation mechanisms except two parallel streaks at room
temperature, the toughened resin in Fig. 3b is traversed of river lines in
almost 45° to the crack direction. This results from a material yield
between the particles accompanied by a plastic zone that occurs around
the crack tip. Comparing the dp values of neat epoxy with 7.7 pm-16.9
pm in the modified system, the shear yielding between the particles is an
evident toughening mechanism.

At —50 °C, the fracture micrographs appearance changes drastically.
The neat resin shows barely deformation or ruptures, thus results in a
mirror-like surface. Moreover, the reduced interaction of the toughening
agent with the matrix resin is visible by the disappearance of shear
yielding in 45° to the crack propagation direction, which can also be
quantified by a reduction of the plastic zone size as listed in Table 3. An
enhanced fracture toughness compared to the neat resin can be referred

b) Toughened 22 °C

~_ 10 ym

Mag. x1000
c) Neat -50 °C

Mag. x1000

Mag. x1000
d) Toughened -50 °C

10 ym

Mag. x1000

Fig. 3. KIC fracture micrographs of a) neat epoxy 22 °C b) toughened epoxy 22 °C c) neat epoxy —50 °C and d) toughened epoxy —50 °C taken with a backscattering

electron (BSE) detector.
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Table 3
Detailed data derived from KIC testing and related calculated values.

Testing Neat 2100E +  Toughened 2100E
Temperature 2107H + 2117H
Fracture toughness +22°C 0.69 + 0.04 1.05 £+ 0.07
KIC [MPa m1/2]
Fracture energy GIC +22°C 140.4 + 16.7 316.0 £ 51.5
[J/m2]
Fracture toughness -50°C 0.83 + 0.09 0.95 + 0.05
KIC [MPa m1/2]
Fracture energy GIC’ -50°C 183.0 + 37.9 239.44 +£ 415
[J/m2]
Diameter plastic zone +22°C 7.7 16.9
dp [pm]
Diameter plastic zone -50°C 3.2 4.2
dp [pm]

to partially occurring crack pinning effects. They appear behind the
particles in a plain-strain-like crack front go-arounds and tailing which
can be seen in Fig. 4b. These low temperature dissipation mechanisms
increase the diameter of the plastic zone by 33% and G;¢ by 30%. This is
a linear correlation since the crack fracture energy is related to the crack
area.

Thus, an increased fracture energy of the neat sample at lower
temperature is derived even though the diameter of the plastic zone is
reduced. The dominant difference is highlighted in Fig. 4 with high
magnification. Such phenomena can be concluded by the change in yield
behavior, which is taken into account by compression tests for the
calculation of dp. An increased yield level as well as a change in Young’s
modulus at low temperatures described by DMA modify the behavior of
the plastic zone drastically and result in vanishing shear yielding be-
tween the particles.

4.3. Fatigue crack propagation

According to [63], the fatigue crack propagation behavior of poly-
mers can be divided in different segments, which are graphically high-
lighted in Fig. 5:

e Region I corresponds to the initiation of crack propagation starting
with a threshold of AKpreshold-

e Region II concerns the zone in which a stable crack propagation is
observed, and it is also called the Paris region.

e Region III regards the unstable crack growth which leads to failure of
the probe and might be related to the materials inherent fracture
toughness Kjc.

Crack direction a)Toughened +22 °C
——

m

,JV

4
1

Mag. x5,000
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Fig. 5. Schematic behavior of the three regions of fatigue crack propagation
following [64]. representing a naturally brittle EP resin’s fatigue behavior.

The schematic presents the overall behavior in dependency of the
testing frequency of 10 Hz. While EP resins and other thermosets do
mostly not exceed a K ratio of 1 MPa m'/2, thermoplastic resin and other
tough materials can vary up to 10 MPa m'/2,

The characteristic fatigue propagation behavior of the neat and the
toughened epoxy systems are compared. Thus, frequency of the me-
chanical testing of the samples, whether it’s a short-term static or a long-
term dynamic process, showed a huge influence on the fracture
behavior. The fatigue crack growth rate per cycle da/dN is plotted versus
the ratio of the amplitude of the cyclic stress intensity factor AK in Fig. 6,
which represents the da/dN measurement of one representative out of
the two carried out valid experiments. Table 4 shows the mean values of
the maximum K ratio, the low deviation of the curves expresses the
precise measurement procedure.

Here the difference between the toughened and the non-toughened
systems is clearly visible. While the light blue- and orange-colored
curves fail earlier, the red and dark blue curves are representing the
toughened system which show a visible shift to the right-hand side
within higher K ratios. Also, the light blue curve, neat EP at —50 °C,
shows a higher crack propagation speed of almost one order of magni-
tude. This marks that the value of the BCP is increasing the fracture
toughness during static as well as dynamic measurements. The neat
epoxy resin at room temperature fails within a AK of 0.617 MPa m'/?
while the toughened one at 0.754 MPa m'/2 which expresses the suc-
cessful proof of the BCP additives. At low temperature, the neat system

b) Toughened -50 °C

1 um

Mag. x5,000

Fig. 4. Fracture micrographs of a) Toughened epoxy at 22 °C b) Toughened epoxy at -50°C taken with a backscattering electron (SE) detector.
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Fig. 6. Fatigue crack propagation diagrams of toughened and non-toughened epoxy systems measured at 23 °C and -50 °C - a) log-log scale and b) logarithmic versus

magnified linear scale.

Table 4
Fatigue crack propagation testing relevant parameters and results.
Non- Toughened
Toughened 2100E +
2100E + 2117H
2107H
AKmax +22°C 0.617 + 0.004 0.754 + 0.03
AKmax -50°C  0.686 + 0.02 0.839 + 0.003
da/dN at break [mm/cycle] +22°C  9.282 x 10-4 6.2 x 10-4
da/dN at break [mm/cycle] —50°C 2.88 x 10-3 5.84 x 10-4
Crack tip opening displacement § +22°C  1.46 2.40
[pm]
Crack tip opening displacement § —-50°C  0.85 1.36
[pm]
Diameter plastic zone dynamic +22°C 7.7 11.9
[pm]
Diameter plastic zone dynamic —-50°C  2.66 4.14
[pm]
Slope m Region II [a.u. x 10-6] +22°C  3.086 1.415
Slope m Region II [a.u. x 10-6] -50°C  4.44 1.63

increases the ratio for the start of instable crack growth to 0.686 MPa
m'/2 while the toughened one now also increased the value to 0.839 m'/
2

Also, the slope m of the curve changes, which leads to higher crack
growth rates at higher K ratios. This contrary effect of increased crack
growth rates is related to the effects of a higher modulus of the material
and a general stiffening of the molecular bonds by network contraction.
Furthermore, Fig. 6b magnifies the regions I and II which shows clearly
the difference between the regions. Within the first 5 to 6 measurement
points between a K ratio of 0.4-0.45, the slope of the curves is changed.
This marks the threshold value to make the crack propagate stable in a
log-log scale through the material. Moreover, the toughened system
shows an interesting phenomenon at —50 °C which is described by the
dark blue curve. In contrary to the neat epoxy, the crack growth rate
before the instable region III is slightly lower. A crack growth rate at
—50 °C of 5.84 mm/cycle compared to 22 °C with 6.2 mm/cycle in-
dicates, that a superior material behavior is present. Not only that the
crack propagates slower but also a higher number of cycles was neces-
sary to reach instable crack growth in region III. The phenomena can be
described by an overall changed interaction of the crack in the epoxy-
BCP mixture. The lower deformation speed in da/dN (pm/sec)
compared to Kjc (mm/sec) leads to a way higher interaction of the

toughened epoxy matrix. This results in higher energy dissipation and
thus increased fracture toughness, respectively. The SEM micrographs in
Fig. 7 support the theory, that the BCP toughener enhances the brittle
epoxy resin performance drastically for both, 22 °C and —50 °C even
though static measurements showed a drop in Kj¢ stress scenario.

No shear yielding was found in static Kj¢ testing at —50 °C, but the
river lines return in da/dN testing. This phenomenon can be seen in
Fig. 7a at 22 °C and 7b at —50 °C. This corresponds clearly to the
increased K ratio of the toughened system at —50 °C. A higher energy
dissipation leads to the assumption of a reverted interaction of the crack
front with the toughener even under low temperature as long as the
testing speed and K ratio does not exceed a certain level. Quasi-static Kj¢
with 10 mm/min triggers a type of faster crack growth behavior than
fatigue crack propagation investigations. Furthermore, Fig. 7c¢ and
d show clearly the effect of a low temperature embrittlement in the
epoxy matrix itself, which is also described in literature [40,62] In be-
tween the particles, the neat epoxy does not tend to deform plastic any
more at low temperature. Thus, it can be linked to a flat and smooth
surface. Matrix shear yielding is no more visible at —50 °C, which is a
minor energy dissipating mechanism. This explains clearly the matrix
yielding in dependency of the specimen’s temperature. The polymer
segments show a lower movement and thus a higher stiffness. Since the
beta-relaxation linked to the chain movement of the aromatic ring in the
DGEBA structure is partially frozen at —50 °C, a direct link from matrix
shear yielding to this molecular movement can be assumed. As seen from
Table 4, also the calculated diameter of the plastic zone during crack
propagation is changing. The neat system has a nearly constant AKpqy
value but d, changes drastically from 7.7 ym down to 2.66 pm in low
temperature. By a modification of the neat resin, a drop from 16.9 pm to
11.9 pm is visible when comparing static and dynamic plastic zones.
This is related to the testing procedure which results in different inter-
action speeds of the matrix with the tougheners. Nevertheless d,, values
calculated from static and dynamic experiments exhibit the same trend
at both temperatures for both samples.

The overall behavior of the resins fatigue crack propagation behavior
in regard to the effect of toughening and testing temperature are briefly
summarized by comparing the parameter m as the slope of the curves.
While m increases the neat systems crack propagation from 3.09 x 10~°
a.u. to 4.44 x 10~° a.u. by 44% when testing in —50 °C, the toughened
epoxy only increases by 15%. More interestingly, the slope m diminishes
for both temperatures in presence of BCP toughener, which demon-
strates clearly an enhancement of performance in fatigue behavior.
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Fig. 7. Fracture micrographs of fatigue tested a) and c) Toughened Epoxy 22 °C b) and d) Toughened epoxy at -50 °C taken with an Inlens detector.

5. Conclusion

In this study a comparison of an application relevant liquid epoxy
resin for liquid composite molding of composite parts in regard to the
deformation and fracture behavior was carried out. The fatigue crack
propagation behavior was investigated at +22 °C and —50 °C. The low
temperature fracture toughness has a huge relevance e.g., for CFRP
vessel’s filling procedure of cryo-compressed hydrogen gas. The DMTA
measurements revealed the high stiffening effect of epoxy at low tem-
peratures as well as the remaining efficiency of the tougheners. Those
positive effects were increasing network density as well as beta relaxa-
tion transition at around —50 °C of the aromatic epoxy groups. More-
over, Kjc and da/dN were compared within the toughening mechanisms
via SEM micrographs, both neat and toughened epoxy. A drastic in-
crease of the functional properties like tensile and compression strength
was demonstrated and the resulting material parameters like the evo-
lution of the plastic zone in static and dynamic testing were calculated.
Overall, the epoxy resins undergo a stiffening at —50 °C monitored by an
increasing modulus and a decrease in the strain at break. The most
important highlight from this study is derived from the calculation of the
slopes of the fatigue curves. They reveal a dependency of the tough-
ener’s efficiency from the testing frequency: While Kj¢ in static is
generally improved in EP at —50 °C, the toughener seems to have no
positive effect on the first view because Kj: decreases back on the neat
level. But, the da/dN testing and also the behavior of the plastic zone,
which is dependend of the modulus brought the deepened understand-
ing, that the crack growth rate is decreased drastically, when the ma-
terial is toughened and undergoes low temperature stress. When it
comes to the application of highly pressurized CFRP vessels, it is thus

crucial to understand these failure phenomena in the composite, in order
to prevent them from catastrophic failures.
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