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A B S T R A C T

Epoxies and epoxy-based fiber reinforced polymers (FRP) are significantly affected by environmental im-
pacts during their service life. Exposures to water, humidity, temperature and UV radiation are known to
substantially influence the (thermo-) mechanical properties and durability of the materials. Design-relevant
characteristics like strength, stiffness, or the glass transition temperature change with time. Therefore,
expensive test campaigns are often necessary in advance of a structural design. Prediction models based
on physical relations or phenomenological observations are typically required to reduce costs and increase
reliability. Consequently, a combined methodology for fast prediction of long-term properties and accelerated
aging purposes is presented in this work for a common DGEBA-based epoxy. Therefore, master curves are
obtained by creep and constant-strain-rate tests under temperature and moisture impact. A combined time–
temperature–water superposition and the Larson–Miller parametrization demonstrate that time-saving CSR tests
and modeling can replace long-lasting creep testing. Resulting, the presented methodology allows to determine
a polymer’s entire (environmental) failure envelope in a relatively short time and with low testing effort.
. Introduction

Epoxy thermosets are widely used as a matrix material in fiber re-
nforced polymer (FRP) composites [1,2]. Bisphenol A diglycidyl ether
DGEBA) epoxies (used in this work) constitute more than 80 to 85% of
he epoxy market [3]. These materials possess a high specific modulus
nd strength, low volatility and shrinkage-on-curing, and a relatively
igh chemical resistance [1,2,4]. Interaction with water often results
n both reversible and irreversible effects in epoxy polymers [5–7].

hile plasticization is usually reversible (upon redrying), irreversible
ging typically occurs due to mechanisms such as oxidation, leaching,
hysical aging, and post-curing facilitated by water resulting in embrit-
lement of epoxies [1,8–10]. Epoxies are also strongly affected by the
ffect of physical aging (relaxation, annealing) that can be amplified by
ater ingress [10,11].

For the specific studied DGEBA epoxy, it has been reported that
t is prone to undergo plasticization [12], hygroscopic swelling [13],
nd to changes in its viscoelastic properties, when affected by envi-
onmental aging [14]. However, it is not being affected by hydrolysis
r other chemical degradation [4,12]. Under moderate temperature
ging conditions, changes due to thermal oxidation and leaching did
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not significantly affect the mechanical properties of the investigated
epoxy [4,12].

The FRP composite design lifetime in structural applications typ-
ically ranges from 20 to 50 years and sometimes spans even longer
design lifetimes [15,16]. During this period, the structures are in con-
tact with water, causing deterioration of the mechanical properties [17–
19]. Due to the long-spanning design service period, predicting the
deterioration of mechanical properties over time is of great inter-
est to the industry for designers and end-users of FRP materials and
structures [20–23]. Substantial cost and testing effort savings can be
made through efficient use of modeling and simulation tools [21,
24]. Typically, developing novel FRPs and their validation is time-
consuming and expensive; resources such as time and funding become
the bottleneck for composite projects. A benefit would be provid-
ing new testing and modeling solutions to the composite market for
faster and more efficient processes [25]. A significant percentage of
a polymer’s development cost is dictated by the decisions made early
in the design process. Here, testing is the most time-consuming part
of novel FRP product development for the composite industry. Thus,
durability prediction methods are seen helpful in reducing the involved
costs [7,22,26].
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Accelerated testing methodology (sometimes termed ‘‘accelerated
degradation tests’’) are testing programs that are designed to accel-
erate the property degradation of materials such as polymers and
FRPs by subjecting them to conditions outside their normal service
range [27,28]. In such methodologies, the degradation is controlled,
providing a reliability estimation combined with modeling while re-
ducing the experimental testing time [29,30]. The service lifetime is
predicted by modeling the evolution of the critical mechanical charac-
teristics (e.g., strength, stiffness) under controlled accelerated testing
conditions, thus establishing safety and reliability criteria [21].

Polymers typically exhibit non-linear and time-dependent behav-
ior that, combined with susceptibility to environmental aging, makes
it challenging to model their long-term performance [21]. The me-
chanical properties of polymers show both a time and temperature
dependent viscoelastic behavior [31]. Time–temperature equivalence
has been verified for many polymeric systems, such as epoxies. For the
thermo-rheologically simple materials [28,29], it is possible to establish
temperature functions that enable to translate individual isothermal
segments of the chosen response function, e.g., creep compliance, along
the time scale and compose a master curve recorded at a reference
temperature, 𝑇𝑟𝑒𝑓 . This approach is called the time–temperature su-
perposition principle (TTSP), and it allows to extend the time scale
beyond the time limits of convenient testing, giving an accelerated
testing method.

Prediction methods can be categorized into rate-based (Arrhenius,
Eyring, Zhurkov), superposition-based, coupling-based, and parametric
models [21]. Each has advantages and disadvantages regarding com-
plexity, information content, and transferability. Therefore, a precise
analysis of the boundary conditions and prediction limits is required.
The design lifetime of structural composites is practically estimated
based on short-term data using predictive models [21]. For instance,
Nakada et al. [27] have shown that the long-term viscoelastic behavior
of dry epoxies at temperatures below the 𝑇𝑔 can be predicted accu-
rately from measuring the 3-hour-short-term creep behavior at elevated
temperatures based on the TTSP. Thus, there is a similarity between
the effect of water and temperature, as is described by the time–water
(moisture, plasticization) superposition principles (TWSP) [32,33]. It
was also demonstrated that TTSP and TWSP for dry and wet mate-
rial can be superimposed, allowing the generation of a single master
curve [14]. The 𝑇𝑔 can be used as an indicator of polymer chain
mobility, as it reduces with increasing water content in epoxies [34–
36].

Therefore, this work aims to contribute to developing and promot-
ing modeling and simulation tools and provide a testing methodology
that reduces the time needed for testing. A systematic methodology
combination was designed and experimentally validated by example
of (an amine-cured) epoxy, which allows for long-term property pre-
diction of polymers within a few weeks of testing. An environmental
failure envelope for a wide range of operating conditions was developed
based on combined time–temperature–water superposition principles,
described by Reiner–Weissenberg and Christensen models.

2. Materials and methods

2.1. Materials

The amine epoxy resin Hexion EPIKOTE™ Resin MGS™ RIMR 135
and the amine hardener EPIKURE™ Curing Agent MGS™ RIMH 137

ere investigated, as it is a typical low viscosity system used in various
pplications like rotor blade and yachting manufacturing. The resin
onsists chemically of bisphenol A diglycidyl ether (DGEBA) (75% to
0%) and 1,6-Hexanediol diglycidyl ether (HDDGE) (10% to 20%). The
mine hardener consists of Polyoxypropylenediamine (POPA) (50% to
2

5%) and isophorone diamine (IPDA) (25% to 50%).
2.2. Manufacturing and specimen design

Closed mold RTM processes with thickness defining aluminum
frames were used for epoxy plate manufacturing. After degassing using
a vacuum stirrer, the epoxy resin was mixed with a ratio of 100:30
parts resin and hardener (by weight). Subsequently, the epoxy was
infused with vacuum and held at 50 °C for 10 h. After plate extracting,
an additional post-curing process was applied at 80 °C for 16 h, resulting
in a complete degree of curing and a 𝑇𝑔 of about 90 °C for the dry
epoxy. All specimens were machined from the plates using a 1.8mm
iamond mill. For tensile and diffusion tests, dogbone-shaped samples
f average thickness of 1.13mm, length of 150mm, and width of 10mm
n the parallel part and of 20mm in the gripping part according to the
IN EN ISO 527-2 1BA standard were used. The specimens dimensions
ere measured directly before the mechanical test. For aged specimens

his was after water absorption occurred. In the case of creep tests, the
ogbone-geometry was adapted to 0.5mm thick, 34mm long, and 6mm
ide specimens, as described elsewhere by Gibhardt et al. [10], since

he DMA setup used is not able to handle the larger specimens. The
dges of all specimens were polished with 2500 grit size sandpaper in
defined process of 20 repetitions per side.

.3. Moisture and water absorption

Before testing or hygrothermal aging, all samples were dried in an
ven at 60 °C to ensure similar specimen conditions at all involved
esting labs. Weight stabilization was achieved within one week, and
he amount of desorbed moisture in ‘‘as produced’’ samples was about
.80m% after shipment and storage under lab conditions. Dry samples
ere divided into four groups: three were placed in desiccators under

aturated salt solutions of K2CO3, NaCl, K2SO4 giving, at an ambient
emperature of 22 °C relative humidity of 43, 75, and 97% RH, respec-
ively. The remaining part of the samples was immersed in distilled
ater (DW) at 22 °C.

The moisture or water uptake was detected gravimetrically using a
ettler Toledo XS205 balance with an accuracy of 0.01mg. The relative
oisture or water content 𝑤 was determined as weight gain per unit
eight:

=
(𝑚𝑡 − 𝑚0)

𝑚0
⋅ 100, (1)

where 𝑚𝑡 is the weight of the wet sample at time 𝑡, and 𝑚0 is the
eight of the reference (dry) sample. Weight changes were measured
sing three replicates for each group of samples. The total immersion or
onditioning time was 136 days (4.5 months). Mechanical testing of wet
ged specimens was performed after 64 days (2 months) of immersion
hen apparent saturation was reached.

.4. Mechanical tests

Tensile tests were performed using a ZwickRoell Z10 universal
esting machine equipped with a 10 kN load cell. To construct a temper-
ture, water, and strain rate-dependent failure envelope, various testing
emperatures and strain rates were used. In detail, three testing temper-
tures 22 °C, 40 °C, and 50 °C, as well as three constant crosshead speeds
f 0.1mm∕min, 1.0mm∕min, and 10.0mm∕min were applied. These correspond

to strain rates of 𝜖̇ = 2.8 ⋅ 10−5, 2.8 ⋅ 10−4, and 2.8 ⋅ 10−3 s−1, respectively.
Tensile tests were performed on dry and water- or moisture-saturated
samples (five series of samples and three strain rates). The coupled
influence of temperature and water was studied on water-saturated
samples. The testing temperatures were chosen in consideration of the
wet 𝑇𝑔 of about 60 °C [10]. Strength values used within this study are
always yield strength values.

Tensile creep tests were performed under load control, using a
Netsch Gabo Eplexor 500 DMTA equipped with a 500N load cell and

a temperature controlled chamber. The initial strain rate was set to
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Fig. 1. Experimental and modeling weight gain curves of epoxy samples at room temperature (22 °C) exposed in different environments.
1.0mm∕min and the creep stresses were chosen between 85% and 65% of
the dry and water-saturated strength at each temperature level. These
correspond to stresses between 53.0MPa and 27.2MPa for the dry and
42.6MPa and 23.5MPa for the saturated specimens. After extraction
from the aging environments the specimens’ free lengths were hand
coated using petroleum jelly. The resulting layer serves as a diffusion
barrier during the test and prevents the specimens from drying out.
Therefore, the re-drying of the specimens was reduced to 0.1𝑚% within
24 h, which is a sixth of the drying of unprotected specimens.

All samples were hold for five minutes in laboratory conditions
to achieve thermodynamical equilibrium before testing. Wet samples
were tested within five minutes after their removal from water (humid
environment). With the exception of the long-term creep tests at low
stresses, three replicate samples were tested for each case. In total, 82
CSR and 36 creep tests were performed to build the experimental data
base for this study.

3. Results and discussion

3.1. Water diffusion

The weight gain curves of the epoxy samples exposed to differ-
ent environments are shown in Fig. 1. One-dimensional diffusion is
considered as the dominant mechanism of water absorption in epoxy
sheets [7,10,37] (calculations by Fick’s model for 1D and 3D cases are
demonstrated in the Appendix). At the early stage of water uptake,
the epoxy exhibits Fickian-type sorption behavior. All samples reached
apparent saturation at

√

𝑡 ≈ 30ℎ1∕2, but afterwards a continuous in-
crease of weight changes, typical for two-stage or non-Fickian sorption
behavior, is observed. Such deviations from the Fickian sorption are
more pronounced at higher water activity and are typically related to
water-induced relaxation phenomena in epoxy [7,38–40].

The diffusion–relaxation model of Berens and Hopfenberg was ap-
plied to describe the two-stage sorption behavior of the epoxy [38].
According to this model, the diffusion of water in a glassy polymer is
contributed by two phenomena: a concentration gradient (Fickian) dif-
fusion and polymer relaxation that contributes by free volume changes
and plasticization. Assuming an independent superposition, the total
weight 𝑤(𝑡) is given as:

𝑤(𝑡) = 𝑤 (𝑡) +𝑤 (𝑡), (2)
3

𝑑 𝑟
where subscripts 𝑑 and 𝑟 are related to diffusion and relaxation, re-
spectively. The diffusion component in Eq. (2) is given by Fick’s equa-
tion [41]:

𝑤𝑑 (𝑡) = 𝑤𝑑,∞

[

1 − 2
𝜋2

∞
∑

𝑚=1

(1 − (−1)𝑚)2

𝑚2
exp

[

−
(𝜋𝑚

𝑎

)2
𝐷𝑡

]

]

, (3)

where 𝐷 is diffusion coefficient and 𝑤𝑑,∞ is the equilibrium water
content.

The relaxation component in Eq. (2) is expressed by a decaying
exponential function related to the polymer relaxation time [38,39]:

𝑤𝑟(𝑡) = 𝑤𝑟,∞

[

1 − exp
(−𝑡
𝜏

)]

, (4)

where 𝑤𝑟,∞ is the equilibrium water content specified by the network
relaxation and 𝜏 is the relaxation time.

The approximation results of water absorption curves by Fick’s
diffusion model and diffusion–relaxation model are shown in Fig. 1.
Mechanical tests with wet specimens were performed after

√

𝑡 =
40ℎ1∕2, assuming a homogeneous water distribution in the apparently
saturated specimens. The room temperature sorption isotherms for both
𝑤𝑑,∞ and 𝑤𝑟,∞ are shown in Fig. 2. From the experimental results
and the relaxation model can be obtained, e.g., that the maximum
water absorption of the epoxy under immersed conditions (sub-𝑇𝑔)
will ultimately gain about 3.1𝑚%, which is in line with data based on
high temperature accelerated aging presented elsewhere for the same
epoxy [10,12]. Furthermore, it is revealed that the long-term maximum
water absorption for epoxy resins aged at room temperature or lower
temperatures is significantly underestimated when only the Fickian
absorption is considered.

3.2. Time–temperature–water superposition

Their viscoelastic nature governs the failure of polymers. Thus,
methods used for the prediction of viscoelastic properties can also be
used for the prediction of the ultimate properties. Miyano et al. [42–
44], by the example of various epoxy and vinyl ester-based CFRP
and GFRP, validated the use of the time–temperature-superposition
principle (TTSP) for several static, creep, and fatigue strengths investi-
gations [42–45]. Similar notes on the construction of master strength
curves by TTSP with the same shift functions derived from creep tests
are discussed in Guedes et al. [46].
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Fig. 2. Equilibrium water contents related to the diffusion (𝑤𝑑,∞) and relaxation of
the epoxy network (𝑤𝑟,∞).

If a material follows the principle of TTSP [21,29,43], viscoelastic
properties, strength in this case, can reach the same values at different
time moments (failure times 𝑡𝑓0 and 𝑡𝑓1):

𝜎(𝑡𝑓0, 𝑇0) = 𝜎(𝑡𝑓1, 𝑇1). (5)

Here, 𝜎 can be applied stress in creep tests or rupture stress in CSR
tests. Eq. (5) is valid when time and temperature are equivalent and
interrelated. This fact allows one to transition to the effective or re-
duced time by correlating the intrinsic time scale of a material with the
observation time. The temperature shift factors 𝑎𝑇 (𝑇 ) are introduced to
quantitatively characterize the acceleration of viscoelastic processes, or
in other words, the extension of the observation time scale. According
to the effective time concept,

𝑡𝑓0 × 𝑎𝑇 (𝑇0) = 𝑡𝑓1 × 𝑎𝑇 (𝑇1). (6)

𝑎𝑇 at the reference temperature 𝑇0 is normally taken as unity,
𝑎𝑇 (𝑇0) = 1. Then, by taking the equivalence in the logarithmic scale
from both sides of Eq. (6) results in

log 𝑡 = log 𝑡 + log 𝑎 . (7)
4

𝑓0 𝑓1 𝑇
It follows from Eqs. (5) and (7) that the strength curves at 𝑇0 and
𝑇1, when plotted vs. log 𝑡𝑓 , are horizontally shifted to each other for
the value log 𝑎𝑇 . The master curve is obtained by shifting the strength
curves for a wide range of temperatures. For glassy polymers at 𝑇 < 𝑇𝑔 ,
the temperature dependence of the shift factor log 𝑎𝑇 is represented by
the Arrhenius equation [14,21,43]:

log 𝑎𝑇 = −
𝐸𝑎

2.303𝑅

( 1
𝑇

− 1
𝑇0

)

, (8)

where 𝐸𝑎 is the activation energy, 𝑅 is the universal gas constant, and
the temperature is taken in Kelvin.

Following analogous discussions, the accelerating effect of absorbed
water on the viscoelastic properties of polymers is considered by ap-
plying the time–water-superposition principle (TWSP). In this case, the
time scale is extended by introducing the time–water shift factor 𝑎𝑤 (𝑤
is the water or moisture content in a polymer). Under coupled influence
of temperature and water, Eq. (5) transforms to:

𝜎(𝑡𝑓0, 𝑇0, 𝑤0) = 𝜎(𝑡𝑓1, 𝑇1, 𝑤1). (9)

Then, assuming additive contributions from both factors, Eq. (7)
transforms to

log 𝑡𝑓0 = log 𝑡𝑓1 + log 𝑎𝑇 + log 𝑎𝑤, (10)

i.e., the lifetime is predicted from the sum of single shift functions.
In the present study, TTSP and TWSP (and coupled TTWSP) were ap-
plied to construct the creep strength (creep failure) and static strength
master curves. However, the principles of TTSP, TWSP and TTWSP
can only be applied to alike material conditions, which ensure that
the model prediction is not affected by chemical or physical changes
that will never occur in the reference condition. From this fundamental
principal, the assumptions applicable to this study are derived as:

• Uniform water distribution (in saturated samples);
• Plasticization effects are only considered (no degradation, no

physical aging);
• Relaxation/physical aging effects (due to water) are insignificant;
• The polymer is in a glassy state (𝑇 < 𝑇𝑔);
• The same failure mechanism occurs;

3.2.1. Creep-rupture master curves
Fig. 3 shows the results of the creep tests in terms of applied

creep stress versus log failure time. The left part of Fig. 3 displays the
acquired results for the different test temperatures of dry and water
saturated specimens. Here, it becomes clear that the absorbed water
Fig. 3. Testing temperature and aging dependent applied tensile stress vs. creep failure time (left) and time–temperature–water-superposition (TTWSP) master curve shift (right).
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Fig. 4. Representative stress–strain diagrams of the different strain rates for dry epoxy specimens and the most important conditions (wet+temperature).
decreases the allowable stress to gain a similar creep lifetime under
room temperature conditions in the same dimension as a temperature
increase of about 20 °C for dry specimens. This is equivalent to a
reduction of the applied stress by about 20%. For loading of wet epoxy
at elevated temperatures of 40 °C, the stresses have to be even halved
in order to achieve the same lifetimes as the dry material. In the
right part of the Figure, the resulting TTWSP creep master curve is
presented together with the temperature, water, and combined shift
factors. The temperature shift factors are described by Eq. (8) with
𝐸𝑎 = 196 kJ∕mol (𝑅2 = 1). For any other test temperature, log 𝑎𝑇 can
be easily determined with Eq. (8).

As can be taken from the master curve, coupled TTWSP essentially
increases the predicted creep lifetime from about three years (dry tests)
to 65 years (wet test). At this point, it is essential to mention that
all aging procedures were done at room temperature (no temperature-
aging effects). The room-temperature methodology ensures a similar
and realistic (in the sense of typical applications) contribution of phys-
ical aging effects to all tested specimens. It was furthermore validated
with hot water conditioning [10,14] that no chemical degradation or
chain scission occurs during long-term wet aging. Thus, the authors
have ensured that no extra unknown processes were left unaccounted
due to temperature effects.

3.2.2. Static strength master curves
The stress–strain diagrams of the different strain rates for represen-

tative dry epoxy specimens and the most important conditions are dis-
played in Fig. 4. The curves demonstrate both the strength-increasing
influence of the higher loading rate and the strength-reducing influence
of water and temperature. Strength is defined in the context of the
work as the maximum yield stress, which occurs typically between 2.0%
and 5.0% of strain. By considering all data, it becomes clear that the
tests at 50 °C for the water-saturated case, already show fundamental
changes. Here, no clear maximum yield stress can be defined in the
considered area. Therefore, the stress at the turning point around
8.0% strain was defined as yield strength for this special condition.
The assumptions of including only glassy states and similar failure
behaviors are probably no longer completely fulfilled. Consequently,
the recommended distance to the (condition-dependent) 𝑇𝑔 of at least
20 °C is set as a limitation for the model approach.

Fig. 5 shows the tensile strength (yield strength) dependent on
the testing temperature and strain rate for selected conditions. The
strength follows an almost linearly decreasing trend with increasing test
temperature, which is in line with the behavior of several thermosets in-
vestigated in the literature [36,47]. The dry and water-saturated epoxy
strength decreases with about 0.8𝑀𝑃𝑎∕°C. Therefore, the investigated
epoxy is relatively sensitive to temperature effects but is still within
5

Fig. 5. Tensile strength in relation to the testing temperature and strain rate for dry
and water saturated epoxy.

a typical range, also reported for other epoxies [36]. The plasticizing
effect of water saturation reduces the tensile strength temperature and
strain-rate dependent between 10MPa and 26MPa. Under room temper-
ature conditions, e.g., the water absorption of 2.6m% is approximately
equivalent to the effect of a temperature increase of about 20 °C.

Furthermore, higher strain rates increase the tensile strength by
a nearly constant shift factor. The highest deviations from the linear
behavior was observed for the wet saturated specimens tested at an
elevated temperature of 50 °C. This behavior is probably due to the
proximity between the test temperature and the significantly reduced
𝑇𝑔 (about 60 °C according to [10]) in the saturated condition.

The same evaluation and fitting procedure as for creep tests was
applied to the CSR tests data and can be seen in Fig. 6. Here, time to
failure was taken from the experimental results. Again, the left part
of the Figure shows the original experimental data, and the right part
displays the master curve, obtained with the same temperature and
water shift factors as for the creep tests. This approach shows generally
a very good agreement for the CSR data. Nevertheless, the master curve
shift also illustrates that the wet 50 °C samples do not fit very well
with the remaining. The curve is clearly flattened and the strength
underestimated in comparison with dry and wet 40 °C specimens.

CSR tests were also performed with specimens aged and saturated at
room temperature at different levels of water activity (different levels
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Fig. 6. Testing temperature and water dependent constant strain rate (CSR) tensile strength vs. failure time (left). Time–temperature–water-superposition (TTWSP) master curve
shift (right).
Fig. 7. Moisture dependent constant strain rate (CSR) tensile strength vs. failure time (left). Time–moisture-superposition (TMSP) master curve shift (right).
of relative humidity) to extend the findings to a TWSP. The results
in Fig. 7 reveal the impact of the environment, and respective water
saturation content on the moisture shift factors log 𝑎𝑤. The best fitting
solutions suggest an exponential behavior of the shift factors (log 𝑎𝑤) in
relation to the relative humidity, as shown in Fig. 8. This is in line with
the curves for the maximum amount of absorbed water (Fig. 2) and
can be explained by the exponential nature of the polymer–moisture
interaction.

3.3. Correlation of CSR and creep data

The creep lifetime of epoxy was also modeled by applying the
Reiner–Weissenberg (R–W) criterion [29,46,48] to the full data set.
According to the R–W approach for time-dependent failure of viscoelas-
tic materials, failure occurs when the stored energy exceeds the limit
value that is a material constant. The applicability of TTSP to the
R–W energy-based approach is discussed in [49]. The lifetime under
constant load for R–W criterion, considering unidirectional creep of
linear viscoelastic material, is given as:
( 𝑡𝑓 ) =

( 1
𝑛

)
1
𝑛
(𝐷0

)
1
𝑛
( 1 − 1

)
1
𝑛 ,with 𝛾 =

𝜎20
2
. (11)
6

𝜏0 2 − 2 𝐷1 𝛾 𝜎𝑅
Here, 𝐷0 is the elastic material constant (compliance) (𝐷0 = 1∕𝐸, 𝐸
is the elastic modulus). 𝐷1, 𝑛 are viscoelastic material constants, 𝜏0 is
time unity (equal to 1 s in this work, since 𝑡𝑓 is measured in seconds).
𝜎𝑅 is the strength under instantaneous conditions and 𝜎0 is the applied
creep stress.

Additionally, another, fracture mechanics based, prediction method
developed by Christensen [46,50,51] was applied to the data set. Here,
following a kinetic crack formulation, the creep rupture lifetime is
found from the time needed for an initial crack to grow to a size critical
to cause its instantaneous further propagation. The Christensen criteria
for the creep lifetime is given as follows:
( 𝑡𝑓
𝜏0

)

= 𝛼
√

𝛾

(

1
√

𝛾1∕𝑚
− 1

)

, (12)

where 𝛼 and 𝑚 are material parameters. For both criteria should be
mentioned that most of the model parameters must be obtained from
the fit of experimental lifetime data [50].

Eqs. (11) and (12) were used to fit the combined experimental
creep and CSR strength master curve and both demonstrated good
approximation performance, as can be seen in Fig. 9. The model
parameters used for calculations are 𝐷 = 0.34 GPa−1, 𝐷 = 0.08
0 1
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Fig. 8. Moisture shift factors log 𝑎𝑤 vs. relative humidity in %. Additionally the best
fitting exponential growth function is plotted to guide the eyes.

GPa−1, 𝑛 = 0.19, 𝛼 = 25 and 𝑚 = 0.07. As the reference strength under
instantaneous conditions, data from CSR tests at 1.0 mm

min were taken. In
this way, the two criteria could be successfully applied for the first time
to a combined creep/CSR master curve spanning a period of at least
65 years (nearly nine decades) generated with the TTWSP.

Most importantly, it gets evident that the typical creep lifetime
in applications with service lives of up to 50 years can be predicted
very accurately using time-saving CSR tests only. Deviations between
the RW and Christensen model approaches occur mainly for long
prediction times of more than four years or high stress loads resulting
in lifetimes of less than one hour. However, based on the created data
set the Christensen approach fits slightly better especially for long-
or short-term predictions. By comparing all results of the combined
master curve, it appears that CSR testing does not only enlarge the
prediction horizon, it allows to replace time-consuming creep testing.
Therefore, the presented TTWSP methodology focusing on CSR testing
and inclusion of wet-aged polymers to predict their long-term behavior
proves to be an efficient and reliable procedure. As the predictions
7

made from two different types of tests (CSR and creep) and two factors
(temperature and water) are in reasonable agreement, their validity is
to be assumed. Further validation by means of control tests over several
years is hard (costly) to be realized and controlled, and thus is not an
effective engineering solution.

Using the creep strength prediction model in combination with the
knowledge about the temperature, moisture and combined shift factors,
it is possible to predict creep lifetime not only for a reference master
curve, but also for any conditions (fulfilling the basic assumptions). As
an example, in Fig. 10, the resulting epoxy failure envelope based on
the Christensen model fit is shown in a three dimensional space defined
by the environmental temperature, the absorbed water content and the
time to failure under loading.

The exemplary surfaces shown, are representative for three different
load levels. It can be seen that the lifetime is affected by the ambient
temperature and simultaneously by the amount of absorbed water.
The shown surfaces are based on temperature and moisture shift data
equivalent to the tested data set and additional interpolations for
testing at 30 °C and/or 90% RH. In total, each plane in the example is
based on 24 data points (15 validated with experimental results). Thus,
the entire load-dependent solution space can be spanned. In summary,
the presented methodology allows this detailed characterization of in-
dividual or combined temperature and moisture effects in a remarkably
short time.

3.4. Larson–Miller parametrization

Parametric approaches are, in general, methods through which
short-term creep-rupture data can be extrapolated using a single time–
temperature parameter. The parametrization technique assumes that
all creep-rupture data can be superimposed to produce a single master
curve of the applied stress vs. a parameter that combines time and tem-
perature [21]. Some methods, such as Larson–Miller parametrization,
also allow extrapolation of CSR and fatigue test data. In this work,
the Larson–Miller parametrization was applied to predict the lifetime
of epoxy based on time, temperature, and water considerations. The
Larson–Miller parameter (LMP) is introduced to relate the creep rupture
time at different temperatures under given stress [52,53] as:

𝐿𝑀𝑃 = 𝑇 (log 𝑡𝑓 + 𝐶𝐿𝑀𝑃 ), (13)

where, 𝑇 is the temperature in Kelvin, 𝑡𝑓 is the creep rupture time
(here in seconds), and 𝐶 is a material constant. The Larson–Miller
𝐿𝑀𝑃
Fig. 9. Master curve for combined creep and CSR tests (all data). Additionally R–W and Christensen creep model fittings.
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Fig. 10. Predicted epoxy failure envelope based on the Christensen model fit in a three dimensional representation.
Fig. 11. Master curves for creep and CSR strengths according to Larson–Miller parametrization.
constant 𝐶𝐿𝑀𝑃 is experimentally determined by assuming a linear
relationship between the log 𝑡𝑓 versus 1∕𝑇 (Arrhenius relationship)
results. Even though 𝐶𝐿𝑀𝑃 was found to be a material constant for most
metallic materials, this may not always be the case with polymers [54].
For the underlying epoxy test data of this work, 𝐶𝐿𝑀𝑃 is found to be
constant for time–temperature considerations across both creep and
CSR tests. Still, it is not constant for variations of the epoxy water
content. The factor increases with increasing water (moisture) content,
as can be taken from Table 1.

Experimental data for tests at different temperatures in the axes
stress vs. LMP (calculated with different 𝐶𝐿𝑀𝑃 for dry and wet speci-
mens) fit well on a common master curve that can be described by a
8

power law function as:

𝑆 = 𝑖(𝐿𝑀𝑃 )𝑗 , (14)

where 𝑆 is the creep stress or the rupture stress in the case of the CSR
tests, and 𝑖 and 𝑗 are fitting parameters. The results of both CSR and
creep tests in the LMP-space are shown in Fig. 11. Again, the creep and
CSR tests fit well on a single master curve. Therefore, it is demonstrated
for the first time that the Larson–Miller parametrization can be success-
fully used to describe not only temperature but also water (moisture)
effects and the combination of both on the mechanical properties of
epoxy resins. In comparison with the TTWSP methodology discussed
before, the results obtained with the Larson–Miller parametrization
show a little more scattering. Tests with different water activities must
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Table 1
Larson–Miller constant 𝐶𝐿𝑀𝑃 .

RH in % 𝑤∞ in m% 𝐶𝐿𝑀𝑃 CSR tests 𝐶𝐿𝑀𝑃 creep tests

0 (dry) 0 98 101
40 0.78 99
75 1.45 101
97 2.22 103
100 (water) 2.45 105 108

verify the Larson–Miller parameter’s dependence on water absorption
content. Nevertheless, for simpler predictions, checking with room
temperature water absorption behavior under immersed conditions is
sufficient.

4. Conclusion

In summary, this study’s combined experimental and modeling
procedure delivers reasonable and reliable material characterizations
in terms of long-term properties such as lifetime. The combination
of TTSP and TWSP modeling was successfully applied to construct
the master curves for static strength and creep strength (creep failure
times), and most importantly the complete time–temperature–water-
stress failure envelope of the epoxy. The master curve is obtained using
the same shift factors for both types of tests. The use of coupled TTWSP
allowed extending the predicted lifetime for more than two decades
and eneables to distinguish between temperature and water effects on
the creep lifetime of thermosets. Here, the Reiner–Weissenberg and
Christensen criteria were used for the first time to predict the creep
lifetime of epoxy based on TTWSP data. Both models well fitted the
master curve.

Furthermore, the well-known Larson–Miller parametrization was
successfully applied to construct the master curve for the static and
creep strengths. The master curve is obtained using the same Larson–
Miller parameter 𝐶𝐿𝑀𝑃 for both types of tests. Water effects are con-
idered by increasing their 𝐶𝐿𝑀𝑃 values. In future applications, all data
an be generated in a short time (about six weeks of test campaign nec-
ssary), which is of high importance and significance for the industry,
ontributing to cost saving and reducing testing time and efforts. Since
he presented method was developed on the basis of physical principles,
n extension to other thermosets is possible. The requirement is, of
ourse, that these are subject to the model assumptions (e.g. no degra-
ation by water absorption occurs). The slowest and limiting part is the
ater diffusion or uptake as it is deliberately kept at room temperature.
ater absorption curves revealed a two-stage behavior, which could

e successfully described with the polymer relaxation processes during
ging.

unding

This work was funded by the European Regional Development Fund
ithin Activity 1.1.1.2 ‘‘Post-doctoral Research Aid’’ of Specific Aid Ob-

ective 1.1.1 of the Operational Programme ‘‘Growth and Employment’’
Nr.1.1.1.2/VIAA/4/20/606, ‘‘Modelling Toolbox for Predicting Long-
erm Performance of Structural Polymer Composites under Synergistic
nvironmental Ageing Conditions’’).

RediT authorship contribution statement

Dennis Gibhardt: Conceptualization, Methodology, Investigation,
ormal analysis, Investigation, Writing – original draft, Visualization.
ndrey E. Krauklis: Conceptualization, Methodology, Investigation,
ormal analysis, Writing – original draft, Funding acquisition, Project
dministration. Audrius Doblies: Methodology, Investigation. Abedin
agani: Methodology, Writing – review & editing. Alisa Sabalina:

nvestigation. Olesja Starkova: Investigation, Formal analysis, Writing
original draft. Bodo Fiedler: Methodology , Writing – review &

diting, Supervision, Project administration.
9

a

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared to
nfluence the work reported in this paper.

ata availability

Data will be made available on request.

cknowledgments

This work is part of a Postdoctoral Project research funded by the
uropean Regional Development Fund within Activity 1.1.1.2 ‘‘Post-
octoral Research Aid’’ of the Specific Aid Objective 1.1.1 of the
perational Programme ‘‘Growth and Employment’’ (Nr.1.1.1.2/VIAA/
/20/606). Thanks to Anton Akulichev for fruitful discussions on the
opic. Andrey is grateful to Oksana.

ppendix

The fitting procedure for water absorption models by Fick’s law
nd the relaxation model was divided into two steps. First, Eq. (3)
as applied to model water diffusion into epoxy up to the apparent

aturation 𝑤𝑑,∞. The diffusivity was determined from the initial slope
f the curve 𝑤 vs.

√

𝑡, i.e., by using the formula [41]:

𝐷 = 𝜋
16

[ 𝑤
𝑤𝑑,∞

1
√

𝑡∕𝑎

]2
(15)

For the epoxy under study, the diffusivity at room temperature is
𝐷 = 6 (±0.5) ⋅ 10−4 mm2

h , and this value is comparable to other types
of epoxies [39,55,56]. Next, 𝜏 and 𝑤𝑟,∞ were found by fitting the
experimental data and providing smooth approximation at longer sorp-
tion times. The relaxation time at room temperature conditions (22 °C),
being the material characteristic takes the fixed value 𝜏 = 8.5 ⋅ 103 h
independently of the relative humidity of the environment. The higher
𝜏 is, the more time is required for complete structural rearrangement of
the polymer network. This depends on the material, curing degree, and
test temperature [10,11,39,57]. Relaxation times determined in water
absorption tests correlate well with those determined by alternative
methods, e.g., creep tests [58,59] or tensile tests [10,11,60]. The water
absorption capacity generally increases with water activity (relative
humidity of the environment).

In a general 3D case for an isotropic material the water content 𝑤(𝑡)
according to the Fick’s model is given by the formula [7,41]:

𝑤(𝑡) = 𝑤𝑑,∞

−
8𝑤𝑑,∞

𝜋6

∞
∑

𝑘=1

∞
∑

𝑛=1

∞
∑

𝑚=1

[1 − (−1)𝑘]2[1 − (−1)𝑛]2[1 − (−1)𝑚]2

𝑘2𝑛2𝑚2
exp (−𝜆2𝑘,𝑛,𝑚𝐷𝑡),

(16)

here 𝑤𝑑,∞ is the equilibrium water content and 𝜆2𝑘,𝑛,𝑚 = 𝜆2𝑘+𝜆2𝑛+𝜆2𝑚 =
( 𝜋𝑘

𝑎

)2 +
( 𝜋𝑛

𝑏

)2 +
( 𝜋𝑚

𝑙

)2. For a 1D diffusion problem, when the sample
dimensions in one of the directions are significantly smaller than in two
others, i.e., 𝑎 ≪ 𝑏, 𝑙, Eq. (16) is simplified to the following equation:

𝑤(𝑡) = 𝑤𝑑,∞

[

1 − 2
𝜋2

∞
∑

𝑘=1

(1 − (−1)𝑘)2

𝑘2
exp

[

−
(𝜋𝑘

𝑎

)2
𝐷𝑡

]

]

, (17)

Eqs. (16) and (17) were used for the calculation of water contents
in a plate of 1.13mm thickness (𝑎) and 150mm length (𝑙). These are
the actual sizes of the epoxy samples under study. In calculations, the
width (𝑏) of a plate varied from 2 to 20mm (actual width of samples

as 10mm in the parallel part and 20mm in the grip zone). The results
f calculations are demonstrated in Fig. 12. For given parameters and
ample dimensions, differences in 1D and 3D calculations are negligible
t 𝑏 ≥ 10mm. Thus, the use of 1D models for the analysis of water
bsorption is justified within the present study.
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Fig. 12. Calculations by Fick’s model for 1D and 3D cases for plates of different widths; 𝑙 = 150 mm, 𝑎 = 1.13 mm (actual sizes of epoxy samples). 𝐷 and 𝑤𝑑,∞ were taken for
75% RH.
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