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1. Introduction
1.1. Environmental-assisted failure in composites

Engineering structures are exposed in service to variable environ-
mental conditions, such as temperature, moisture and UV radiation.
Fibre-reinforced plastics are susceptible to ageing and damage phe-
nomena induced by the in-service environment, which consequently
affects structural performance [1-8]. The prediction of the role played
by environmental effects on the integrity of composite structures is an
extremely complex task, due to the different, yet synergistic failure
mechanisms (intralaminar, interlaminar and translaminar) that typi-
cally occur in fibre-reinforced plastics and because of the contrasting
influence that temperature and moisture may have on the aforemen-
tioned mechanisms.

At constituent level, the mechanical performance of polymer matri-
ces strongly depends on the ratio between the in-service and glass-
transition temperatures. As the glass-transition is approached, polymers
tend to lose stiffness and strength, while at the same time exhibiting a
more ductile behaviour, which promotes toughness. Moisture content
lowers the glass-transition temperature, thus enhancing the influence
of the in-service temperature. This behaviour is usually accounted for
by adopting time-dependent visco-elastic or visco-elasto-plastic
constitutive equations, which also provide the means for unifying the
description of temperature, moisture and strain-rate effects via the
well-established time-temperature-humidity superposition principle
(TTHSP) [9-14]. Nonetheless, thermolysis and hydrolysis phenomena
usually affect polymers, leading to irreversible in-service changes to
their chemical structure and composition. Broadly speaking, these
changes cause “ageing” [15]. The latter adds a further level of complex-
ity to the definition of time-, temperature- and moisture-dependent
constitutive models, which must account for chemical degradation. On
the other hand, inorganic reinforcement fibres are far less sensitive to
environmental effects than organic matrices. Finally, the susceptibility
of the fibre/matrix interface to environmental effects is also crucial for
the performance of composite materials, since it affects the shear-lag
load transfer among the constituents [16]. Often, the coefficient of mois-
ture diffusivity in fibre/matrix interfaces is much larger than for the in-
dividual constituents, thus favouring the local concentration of water
molecules, which can destroy the interfacial chemical bond through
temperature-assisted hydrolysis.

From a micro-structural point of view, the difference in the coeffi-
cients of thermal expansion between the fibre and the matrix causes
thermal residual stresses, which are nominally zero only at the refer-
ence condition corresponding to the cure temperature. The latter is
close to that of glass-transition for the polymer matrix and of course
considerably higher than temperatures in any “safe” in-service scenario.
In a carbon/epoxy composite, the thermal residual stresses in the matrix
tend to be tensile in nature and can therefore promote micro-cracking,
especially at cryogenic temperatures. By contrast, the visco-elastic na-
ture of the matrix combined with volumetric expansion due to moisture
ingress tends to relax the thermal residual stresses. Thus, raising the in-
service temperature in combination with moisture uptake reduces ther-
mal residual stresses, potentially reducing matrix failure. However, the
matrix loses stiffness and strength and the fibre/matrix interface is de-
graded by an increase in temperature and/or moisture content and a
more compliant and weaker matrix has a direct detrimental effect on
the transverse material properties. Moreover, the loss of matrix stiffness
reduces the longitudinal compressive strength of the composite, since
fibres are less supported against micro-buckling. Finally, the dis-bond
of the fibre/matrix interface increases the stress recovery length along
the reinforcement phase, thus reducing the longitudinal tensile
strength. Therefore, the prediction of micro-structural failure in com-
posite materials requires understanding and modelling this complex
interplay among the conflicting effects of environmental factors.

At laminate level, interlaminar residual stresses contribute to trig-
gering delamination, which initiates due to matrix cracks interacting
with ply interfaces. This onset mechanism is further promoted by the
unavoidable presence of stress-rising features, such as free edges and
ply drop-offs, as well as manufacturing defects (e.g. ply overlaps, gaps
and interlaminar clusters of voids). Again, stress relaxation due to
moisture-enhanced visco-elasto-plastic behaviour can delay delamina-
tion onset, while the simultaneous reduction of ply interface strength,
which is a matrix-dominated property, may promote interlaminar fail-
ure. Nonetheless, having initiated, delaminations can grow only if the
energy release rate at the interlaminar crack tip exceeds the material
mixed-mode fracture toughness, which is controlled by the matrix
and hence strongly dependent on temperature and moisture content.
The increased matrix ductility at relatively high temperatures and mois-
ture concentrations makes polymeric matrices tougher and this also
causes an enhancement of the interlaminar fracture toughness, thus
inhibiting delamination growth under quasi-static loading [17-21].
The magnitude of this effect depends on the mode-mixity. In mode I
dominated regimes, the increased matrix ductility also enhances the
frictional mechanical energy dissipation associated with fibre bridging,
further promoting the effect of temperature and moisture. However, en-
hanced matrix ductility has a detrimental effect on fatigue delamination
growth under cyclic loading, which is accelerated by temperature and
moisture. Generally speaking, increasing the strain rate causes faster
crack speeds, which reduce the fracture toughness and leads to acceler-
ated delamination growth, particularly under high-speed impact. How-
ever, these results must be considered with extreme care, due to the
inherent difficulties in measuring crack speeds in high rate experiments
and in achieving dynamic equilibrium conditions, whereby the effect of
inertia is negligible.

A common assumption made for the mitigation of environmental ef-
fects on the integrity of composite structures is that “hot/wet” (i.e. rela-
tively high temperature combined with elevated moisture content)
conditions represent the worst in-service scenario [22]. The “wet” sce-
nario is usually meant to indicate full saturation conditions, to factor
out the effect of moisture concentration gradients within composite
materials. However, such an assumption is strictly only valid for damage
initiation cases since failure onset is governed by strength properties at
material level. At the structural (i.e. macro) scale, residual strength
properties are assessed in presence of pre-existing diffuse damage,
which may involve substantial micro-cracking as well as a significant
amount of delamination growth. Since the latter is energy-driven and
the fracture toughness tends to increase with temperature and
moisture, “hot/wet” conditions may not necessarily represent the
worst-case scenario for ultimate failure. In this respect, a “cold/dry” en-
vironment may be more detrimental for structural integrity, because of
the embrittlement of the polymer matrix, which promotes damage
growth once failure has initiated. This effect is clearly exacerbated at
high strain rates, i.e. under impact loading. On the other hand, if fatigue
is the primary concern, “hot/wet” conditions do represent the most
severe operating environment.

1.2. Modelling approaches and experimental data

Theoretical approaches exist for the lifetime prediction of polymer-
based matrix composites subjected to creep rupture [22]. Gibson et.al
[23] proposed a hyperbolic tangent function to describe property degra-
dation of laminates under extreme temperatures. Several experimental
studies were conducted to understand the role played by environmental
effects on the flexural, tensile, compressive and interlaminar tensile be-
haviour of laminates [24-26]. Recently, Gibson's semi-empirical model
was slightly modified and applied to predict the strength degradation
of laminates under temperature [27-29] and sea-water ageing condi-
tions [30]. These studies are restricted to unidirectional laminates and
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provide limited insights on their failure mechanisms despite the consid-
erable experimental effort undertaken. In the Reiner-Weissenberg
(R-W) criterion, failure at constant stress or strain is identified by impos-
ing a limit on the stored mechanical energy, referred as critical fracture
energy [31,32]. This criterion is considered as a fracture mechanics-
based continuum approach and it is deemed suitable for ductile poly-
mers that exhibit large yielding and sub-critical crack growth. In brittle
polymers, failure occurs through visco-elastic deformation, followed by
diffused and homogenous bond breakage. Hence, the time correspond-
ing to crack initiation is considered as the time of rupture. For such brittle
polymers, Zhurkov's kinetic strength theory (“molecular approach”) is
appropriate for predicting the rupture time [33-35]. Also, continuum
damage mechanics (CDM) [36] and fracture mechanics applied to
visco-elasticity [37] can provide a reasonable prediction of the time-
dependent failure for ductile polymer composites. All these theoretical
approaches lead to time-dependant failure criteria in the form of phe-
nomenological equations, which are amenable for implementation in
finite element (FE) analysis and involve several material-dependent
parameters. The latter must be identified via experiments, and this usu-
ally entails non-linear regressions carried out on characterisation data.
However, it is sometimes difficult to directly relate the modelling param-
eters to fundamental material properties, such as stiffness and instanta-
neous strength. Furthermore, modelling environmental-assisted failure
requires experimental data concerning mechanical properties over a
wide range of temperature and moisture content conditions. While, for
example, aircraft certification procedures require manufacturers to con-
sider the influence of temperature and moisture on material properties
[38,39], the availability of data concerning environmental effects on
composites in the open literature is, to say the least, sparse.

In 2011, the National Centre for Advanced Materials Performance
(hereafter referred to as NCAMP) published a report on the effect of
temperature and moisture on the matrix-dominated properties of the
Hexcel IM7/8552 carbon-fibre/epoxy material system [40]. At the Uni-
versity of Bristol, further experiments have been carried out on IM7/
8552 at various temperature and moisture conditions to characterise
the in-plane shear and transverse tension behaviour [41-43], as well
as the mode-I and mode-II fracture toughness [44].

1.3. Paper overview

This study focuses on the development and validation of a finite
element-based framework that allows modelling interactive failure
mechanisms in multi-directional notched laminates. A detailed investi-
gation of constituent property degradation under variable loading and
environmental conditions is carried out and semi-empirical power-
law models are proposed and calibrated via experimental data from
the literature. The capabilities of the overall simulation framework are
demonstrated first through simple consistency checks and then via
complex validation studies.

This paper is organised as follows. In Section 2, we present a novel
set of phenomenological equations describing the effect of temperature
and moisture on the elastic moduli, strength and toughness of fibre re-
inforced composites. These equations are calibrated on the experimen-
tal data provided in Refs. [40-44] for IM7/8552. In Section 3, we describe
an implementation of the aforementioned phenomenological equations
within the framework of FE-based progressive damage analysis. This is
carried out employing matrix directed-crack continuum damage me-
chanics (DiCDM) [45] and interface cohesive zone models (CZM)
[46-49], implemented into Abaqus/Explicit via user material subrou-
tines. The correctness of the FE modelling framework is assessed in
Section 4, via simulating tests involving transverse tension, in-plane
shear, curved beams (for interlaminar tension) and short beam shear
coupons (for interlaminar shear). Finally, Section 5 provides a full vali-
dation of the modelling framework considering the progressive failure
analysis of quasi-isotropic short beam shear specimens and open-hole

coupons under tensile loading, for which the relevant experimental
tests in different environmental conditions are presented in the
NCAMP database.

2. Phenomenological model for stiffness, strength and toughness
2.1. Preliminary considerations

Springer [50] developed a time-temperature-dependant strength
degradation model as a function of mass loss for a graphite-epoxy
composites. McManus et al. [51] considered the matrix degradation
at elevated temperatures as resulting from two competing time-
dependant processes: 1) cross-linking (post-curing); and 2) mass-
loss (i.e. proper degradation). The first process entails chemical
changes that produce an increase in glass transition temperature,
while the second leads to the breakdown of polymer chains, which
causes a mass loss. Papanicolaou et al. [52] proposed a residual prop-
erty model (RPM) having the form of an exponential decay function to
predict the damage of a moisture-saturated epoxy system. However,
the RPM is only suitable to predict the bulk material properties,
since fracture toughness degradation does not always follow an expo-
nential decay trend [53]. Therefore, the Papanicolaou's RPM will be
here modified to a more general form that allows achieving an
excellent correlation with delamination failure data.

The models discussed above predict the failure strength as a function
of either temperature or moisture concentration, but not both. However,
composite structures are simultaneously exposed to moisture and vari-
able temperature environments. Simple unified micromechanics-based
equations for hygro-thermal degradation of composites materials were
also proposed by Chamis [3], but no validation against experimental
data was provided.

2.2. Temperature- and moisture-dependent strength

The kinetic theory of polymer strength under constant uniaxial
stresses o and temperature T was extensively investigated by Zhurkov
and his co-authors [33-35]. An extension of Zhurkov's approach
including the combined effect of temperature and moisture is presented
in Appendix A. The resulting phenomenological expression of the
moisture- and temperature-dependent strength is provided by

\ «
UptoO (TLW)[ ' (%)
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O ropRT
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where R is the gas constant and t is the characteristic period of oscilla-
tion of atoms in molecular bonds (typically 10~ "% s [33,34]). Up and opp
are the activation energy and characteristic strength of dry polymers,
while o is the stress rate. Finally, Typ and Tg are the glass transition
temperature of polymer in dry and fully moisture saturated (i.e.
“wet”) conditions, while o and (> are empirical coefficients obtained
from experimental data. Eq. (1) provides a unified model that describes
the strength degradation of the bulk material, as well as the ply interface
strength in environmentally conditioned composites. Hence, eq. (1) will
be here employed to represent the effect of stress rate, temperature and
humidity on the following matrix-dominated properties: 1) transverse
tensile strength; 2) transverse compressive strength; 3) in-plane shear
strength; 4) interlaminar tensile strength; 5) interlaminar shear
strength. Each of these matrix-dominated properties will be
characterised by a set of Up, Opp, o and 3 values.

2.2.1. Experimental data and model constants
The required experimental data for the dry and wet IM7/8552 spec-
imens were extracted from the NCAMP test report [40] and are shown
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Table 1
Hygro-thermal strength properties of IM7/8552 composites [40].

Tests Lay-up sequence Strength (MPa)
CTD RTD ETW
(=54°C) (21°C) (121°C)
Transverse tension [90]4 Yr 66.2 64.1 241
Transverse [90]4 Yc 3814 285.7 1324
compression
In-plane shear [+45/—45]3s St 77.8 53.5 228
(0.2% strain)
Interlaminar tension  [0],2 ILTS 825 76.1 445
Short beam shear [0]34 ILSS 145.0 118.1 56.9
Short beam shear [+45/0/—45/90]3s ILSS - 83.6 48.2

Table 2
Calibrated constants for hygro-thermal strength model from experimental strength data
for IM7/8552.

Property Uop (J/mol) Opp (MPa) «a B

Yr 232,000 90.5 1 —1.45
Yc 146,000 576.1 1 4.43
St 161,000 166.5 1 0.87
ILTS 146,000 114.7 1 1.70
ILSS 132,000 195.4 0.8 4.53

in Table 1. The wet specimens were conditioned at relative humidity of
85 4+ 5.0% and temperature of 71 4+ 2.5 °C; the weight gain was
recorded at specific time intervals until complete saturation.

Based on the moisture conditioning and test temperature, the spec-
imens were categorized as tested in Cold Temperature Dry (CTD), Room
Temperature Dry (RTD), Room Temperature Wet (RTW), Elevated Tem-
perature Dry (ETD) and Elevated temperature wet (ETW) conditions.
The average ply thickness of the cured specimens was 0.183 mm. The
glass transition temperatures for RTD and ETW conditions are 161 °C
(Tqw) and 208 °C (Tgp) [40], respectively.

From the experimental strength data, the model constants for eq. (1)
were obtained and are here listed in Table 2. Fig. 1 shows a comparison
between the fitted transverse tensile strength values and the corre-
sponding experimental data. The transverse tensile strength decreases
linearly as the temperature increases, but it decreases in a non-linear

B Experiment
754 —e— Model-fit

Strength Y (MPa)

w A A OO O
a o o o O
1 1 1 1 1

w
o

T T T T T T T T T T 1
60 -40 20 0 20 40 60 80 100 120 140
Temperature (°C)

(a)

fashion as the moisture content increases. Similar trends were observed
for all the other properties listed in Table 2.

2.3. Temperature- and moisture-dependent elastic moduli

2.3.1. Transverse Young's modulus

The transverse Young's modulus of fibre-reinforced composites is
adversely affected by temperature and moisture ingress into the matrix.
In-house experiments were carried out for RTD, RTW (0.9% moisture),
ETD (80 °C and 120 °C) and ETW (~ 0.9% moisture, tested at 80 °C
and 120 °C) conditions on IM7/8552 specimens [42]. An exponential
decay of transverse modulus was observed as the temperature and
moisture of the specimens were increased. This behaviour is here repre-
sented via the following phenomenological equation

Ex =Eyppse (17 (T'T7f> ym) (Tg_W) Ot5227 (2)

Tep

where Eyris the modulus at T while Vg2, and o are exponents to
be calibrated via experimental data. Fig. 2 shows the normalized trans-
verse modulus obtained from the calibrated model, i.e. yg> = 1.13 and

2.3.2. In-plane shear modulus

The in-plane shear modulus values for RTD and ETD (80 °C and
150 °C) specimens were obtained from +45 tensile experiments [41].
For ETW (= 0.9% moisture, tested at 120 °C) data were extracted from
the NCAMP report [40] and fitted using the following equation

T \ Yoz TgW Qg2
G12 = Grores (fef) (1 - (Tw) >7 3)

where Gioris the shear modulus at T,.f; Yc12 and a2 are the power
law constants for the temperature and moisture effects, respectively.
Fig. 3 displays the normalized transverse modulus obtained from eq.
(3) for yg12 = — 1.10and ag2 = 1.15.

2.3.3. Non-linear shear behaviour
The in-plane and through-thickness shear behaviour of fibre-
reinforced composites is here described via the following relation [54,55]

809 W Experiement

—e— Model-Fit
70

60
50
40

30+

Strength Y, (MPa)

20

10

T T
0.0 0.2 0.4 0.6 0.8 1.0
Moisture (%)

(b)

Fig. 1. Transverse tensile strength of IM7/8552 as a function of: (a) test temperature; (b) moisture uptake percentage.
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Fig. 2. Normalised transverse modulus of IM7/8552 as function of: (a) test temperature; (b) moisture uptake percentage.
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Fig. 3. Normalised in-plane shear modulus of IM7/8552 (a) Test temperature, (b) Moisture up-take percentage.
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where 0y;, y1; an Gy;are the shear stress, strain and modulus, respec-
tively. In eq. (4), y;;™ is the maximum shear strain over the loading
history and the indices i denotes the principal material axes for a unidi-
rectional ply. The parameters A and B are obtained by fitting the exper-
imental data from refs. [40, 41] using the equations

_ . Tew _ Trer) ™ (Tgw\™
A = (185.40—0.32T) (T—gD) and B = Bys (T T )

where, T, Tow and Tgp are the test temperature, reference temperature
and glass transition temperatures for wet and dry specimens, respec-
tively. By is the value of B at Ty, whereas vz and o are the power-
law exponents that must be identified via experimental data. The best
fit for the B parameter is obtained for y = — 0.60 and oy = — 0.55;
the corresponding trend is illustrated in Fig. 4. The non-linear shear con-
stant A decreases linearly with temperature and moisture, while

Bdisplays the opposite trends. For RTD specimens, Aesand Byrare found
to be 90.17 and 66.50, respectively.

24. Interlaminar fracture toughness

Contrary to the other matrix-dependent properties, the Mode |
fracture toughness of IM7/8552 increases in hot-wet conditions.
This is due to the increased level of fibre bridging during delamina-
tion growth, which is observed in coupons for both hot-dry and
hot-wet conditions [19,21]. The opposite trend is usually observed
for the mode II fracture toughness, because the latter is influenced
by the degradation of the fibre-matrix interface with increasing tem-
perature and moisture content [21]. Here, we introduce the follow-
ing phenomenological equation to describe environmental effects
on interlaminar fracture toughness

T Yaic TgW Qgic .
GiC*Q’CrEf(Tef) (E) =L (6)

where Gicrer is the fracture toughness at reference temperature Try.
The parameters yg; and ag;. are power-law exponents that account
for the influence of temperature and moisture. The experimental
values of the mode I fracture toughness considered here were



6 G.A. Sengodan et al. / Materials and Design 196 (2020) 109082

1007 B Experiment - A

95 - —e— Model-Fit - A
A Experiment - B

90 —¥— Model-Fit - B
85
80
75
70

Aand B

65
60
55
50

45 T T T T

T T T T
20 40 60 80 100 120 140 160
Temperature (°C)

(a)

100 B Experiment - A
—e— Model-Fit - A T
A Experiment - B
90 —v— Model-Fit - B
80
[an]
2 70
®
<
60
50
40 T T

T T
0.0 0.2 0.4 0.6 0.8 1.0
Moisture (%)

(b)

Fig. 4. Non-linear shear constants A and B in eq. (4) for IM7/8552 as a function of: (a) test temperature; (b) moisture uptake percentage.
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Fig. 5. Normalised Mode-I fracture toughness of IM7/8552: (a) Test temperature; (b) Moisture uptake.

obtained using double cantilever beam (DCB) coupons in RTD, ETD
(80 °C) and ETW (80 °C, %M =~ 0.9) conditions [43]. Fig. 5 shows
the trends obtained from eq. (6), with yg, = 0.69 and aigc = — 1.15,
compared to the experimental data. Mode II fracture tests were per-
formed on IM7/8552 end-notch flexure (ENF) coupons [42,44] for
the same set of environmental conditions already considered for
the mode I characterisations. The results of these tests are presented
in Fig. 6, where the model best fits, obtained for yg;. = — 1.55 and
agre = 0.70, are also included.

3. Material damage models

The phenomenological equations presented in sec. 2 have been im-
plemented in Abaqus/Explicit via a user material subroutine (VUMAT).
The composite plies are considered transversely isotropic, with linear
or non-linear elastic properties as described in section 2.

The plies are modelled employing 8-node solid elements (C3D8R)
with reduced integration. The dry room temperature elastic properties,
the coefficients of thermal (o;) and moisture (3;) expansion of IM7/
8552 unidirectional material are listed in Table 3 and Table 4
respectively.

3.1. Progressive fibre failure

The onset of progressive fibre failure is here described via a Weibull
statistical criterion, whereby an equal probability of failure at single el-
ement level is assumed [56]. Hence, the initiation of fibre failure is rep-
resented by the following condition

No.of Solid Elements g \™
> (5n) v 7)
i1 O unit

where Oy is the strength of a reference volume (1 mm?) of material
and m is the Weibull modulus; o; is the average direct stress in the fibre
direction taken at the Gauss points within one element. The progression
of fibre failure is simulated introducing the following damage variable

&l (e—¢l?)
Df=——-—-L¢€]0,1
I~ g (eF—ef0) [0.1], (8)
where ¢ is the strain at fibre direction and &V is strain that corresponds
to the onset of fibre failure ¢/°. The final failure strain &7 in eq. (8) is cal-
culated as [57,59].
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Fig. 6. Normalised Mode-II fracture toughness of IM7/8552: (a) Test temperature; (b) Moisture uptake.
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In eq. (9), G%is the fracture toughness for tensile fibre failure, while L
is a characteristic element length. For the dry material at room temper-
ature (i.e. RTD conditions), it can be assumed that &~ &®, which effec-
tively gives an instantaneous, hence brittle, failure once the criterion in
eq. (7) is satisfied.

However, for hot-wet specimens, the failure strain is & = &° + ¥
where &R represents a relaxation of the fibre/matrix interface, as illus-
trated in Fig. 7.As the simulation progresses, the longitudinal tensile
stress is degraded linearly as a function of the damage variable in eq.
(8)[59],i.e.

O’]](—(‘l _Df <O_1]>)0']1

o (10)

3.2. Matrix cracking

In this work, a recent and easy to implement CDM method devel-
oped by Mukhopadhyay et.al [45] is used to predict the matrix cracking
in fibre-reinforced materials. This technique utilizes the CDM approach
combined with a fibre-direction tracking algorithm that alleviates mesh
sensitivity. After initiation, a neighbourhood searching method ensures
that the matrix cracks follow the fibre direction. These “directed” dis-
crete cracks can interact with other damage mechanisms (e.g. delami-
nation), yielding an improved simulation accuracy compared to
conventional CDM approaches. The quadratic stress-based criterion is
here employed to represent the matrix damage initiation [55,56,58], i.e.

2 2 2
ON TL T\ 4.
(TT> + (§L> + (§> = ]-,UNZO

where oy, T; and 77 are the normal and shear traction components on a
potential crack plane at an angle ¢. Yy, S; and Sy are the ply transverse
tensile, longitudinal shear and transverse shear strengths, respectively,
which are here predicted for different environmental conditions via
eq. (1). The reader is urged to refer [55] for the detailed procedure to
find the shear strengths on the fracture plane. After damage initiation,
matrix cracks generally propagate in a mixed-mode regime. The corre-
sponding critical energy release rate is obtained from the following
power law criterion

G G*
Ge G ! 12)
here, G;and G are the mode I and mode Il energy release rates and the
subscript ‘c’ indicates the corresponding critical energy release rates
(given in Table 5 for IM7/8552); o' is a material-dependent exponent.
The mixed mode energy critical energy release rate (G¢) and the matrix
damage variable (D,,) are employed to degrade the stress components
according to the smeared crack approach discussed in refs. [55, 58].

3.3. Ply interface delamination

A three-dimensional cohesive interface constitutive law [46] has
been implemented in the VUMAT subroutine to simulate progressive
delamination at ply interfaces. The essential details of the implementa-
tion are given here. A quadratic stress criterion is used to predict the
damage onset

(e

In eq. (13), 033, 073 and 033 are the normal and shear traction com-
ponents within the cohesive zone; 0jc and oyc are the mode I and mode

2 2
V913 023

Olic

(13)

2 2
T T inati i i
( L ) N ( T > —1l.oy <0, (11) W strengths for delamination onset. The mixed-mode fracture energy is
SL—HON Sr—HrON obtained by using the failure criterion given by eq. (12). A damage var-
iable (Dgeam € [0,1]), function of the separation displacements, is used
Table 3 Table 4
Elastic properties of IM7/8552 at room temperature dry (RTD) conditions [55]. Hygro-thermal properties of IM7/8552 [40,55].
Ey Exoref E33rer Vi2 Vi3 V23 Giarer  Gisrer  Gosrer Qqq (<25 Q33 Bia(/wt%)  Boz (/Wt%)  Baz (/wt%)  Tgw  Tgp
(MPa) (MPa)  (MPa) (MPa)  (MPa)  (MPa) (rcy (P9 (O (‘) (9
161,000 11,380 11,380 032 032 043 5170 5170 3980 0 3e5 3e5 0 3.31e-3 3.31e-3 161 208
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Fig. 7. Damage law for Weibull based longitudinal tensile failure including hygro-thermal
residual strain relaxation.

Table 5

Interface properties of RTD IM7/8552 [46,55].
Ki Ky Oic (MPa) Oiic Gic Giic o
(N/mm?) (N/mm?) (MPa) (N/mm) (N/mm)
10° 108 60 90 0.26 1.0 1

to linearly degrade the traction components at the cohesive interfaces
as [46].

Delam = max{O, min{1,6f :6;"}} (14)
m m

The superscripts ‘e’ and ‘f denote the separation displacements (6,,)
atinitiation and complete failure of the cohesive interface elements. The
effective mixed mode separation displacement is obtained from the
mode I (6;) and mode II (6,, 63) separation displacements as

m =/ (61)% + &5 + 83 (15)

Small thickness (107> to 10~* mm) cohesive interface elements
(COH3D8 in ABAQUS/Explicit) are used in the simulation of progressive
delamination [46]. The mode I and mode II displacements were related
to the corresponding tractions by the penalty stiffnesses K; and K,
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respectively. Table 5 gives the interface cohesive properties for
IM7/8552 in RTD conditions.

4. Consistency checks for the simulation framework

The consistency of FE implementation of the phenomenological
equations discussed in sec. 2 and of the damage models presented in
sec. 3 is here demonstrated considering the experimental results pre-
sented in the NCAMP report [40] for: 1) transverse tension; 2)
in-plane shear; 3) interlaminar tension (curved beam coupons); 4) in-
terlaminar shear (unidirectional short beam shear). It is worth stressing
that these are not proper validation cases, since the phenomenological
equations in sec. 2 have been calibrated via the corresponding test re-
sults. Hence, the emphasis here is not on assessing the predictive capa-
bility of the modelling framework, but on proving that the
implementation of the damage models in sec. 3 correctly reproduces
the failure phenomena observed in the experiments, as well as the cor-
responding strength values for the different environmental conditions
in the tests. The simulations presented in this section involve three ex-
plicit analysis steps, namely: 1) moisture expansion; 2) post-cure cool
down and thermal loading; 3) mechanical loading. These are simulated
via prescribed “amplitude” curves for the moisture content, tempera-
ture and, finally, the applied displacement.

4.1. Transverse tension

In the NCAMP database [40], transverse tension tests were per-
formed on prismatic coupons with a [90];; lay-up. These results are
here employed to check the consistency of the implementation of the
transverse strength (Yr, eq. (1)) and stiffness (E», eq. (2)) phenomeno-
logical equations. In the FE model, we consider a full-thickness
20 mm x 4 mm section of the coupon, where a central fine mesh region
of 10 mm is introduced. Velocity boundary conditions of 0.5 mm/s are
applied at both the ends in the transverse direction of the laminate. Sim-
ulations are performed for CTD (—54 °C) and RTD (23 °C) and for three
different full saturations conditions (%M ~1), namely: RTW (23 °C),
ETW (100 °C) and ETW (120 °C). The comparison of the model results
with the experimental data is given in Fig. 8. (a). The results are well
within the experimental scatter. A maximum strength knock-down of
63.88% between RTD and ETW (120 °C) specimens is obtained from
the models, whereas the experimental knock-down is 62.44%. Similarly,
a stiffness drop of 34.11% is obtained from the simulation in RTD and
ETW (120 °C) conditions. This result is quite comparable with the
37.70% reduction observed in the experiments, as shown in Fig. 8. (b).

The matrix cracks normal to the fibre direction and the interlaminar
damage index at failure for RTD [90];; laminates are shown in Fig. 9.

Experiment-RTD - 23 °C
7% FEM-RTD - 23 °C
[ Experiment-ETW - 120 °C|
77/ FEM-ETW - 120 °C

12000

10000

8000

6000

E,, (MPa)

4000 -

2000 +

(b)

Fig. 8. Comparison of FE simualtion and experimental results; (a) Transverse tensile strength; (b) Transverse modulus.
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(b)

Fig. 9. Transverse Tension of an IM7/8552 [90],; laminate; (a) Matrix cracking (RED);
(b) Interface delamination failure (RED).

(a) and 9. (b), respectively. In hot-wet conditions, the matrix exhibits
ductile behaviour, with limited yield at peak load. The cohesive ele-
ments present in the model abruptly fail for all the environmental
conditions considered.

4.2. In-plane shear

The implementation of the phenomenological equations eq. (3)-(4)
for the non-linear shear response are here validated via a tensile test
performed on IM7/8552 [+45/—45]3s laminates [40]. The FE model
consists of a prismatic section 75 mm long, 25 mm wide and 1.10 mm
thick. The simulations are carried out for RTD and ETD (80 °C) condi-
tions, for which the experimental results are available in both the
NCAMP database [40] and ref. [41]. The correlation of experimental
and simulation results up to 5% applied strain is illustrated in Fig. 10.
(a). After an initial elastic response up to a 0.2% offset strain, the lami-
nate behaves non-linearly until final failure, which initiates as matrix

100~
80
g
= 604
[2]
2
= | ‘ZZ=
B 40 i Experiment-RTD - 23 °C
/ —— Model- fit
i 175 ---FEM-RTD-23°C
20 1/ .
7 Experiment-ETD - 80 °C
/.{"f —— FEM-ETD - 80 °C
014 . . . . .
0.00 0.01 0.02 0.03 0.04 0.05
Strain

(a)

cracking and evolves into delamination. Hence, the shear stress at 0.2%
offset strain can be considered as the in-plane shear yield strength. Re-
sidual strains due to thermal cooldown are evident in RTD simulations
(strain offset with respect to zero in Fig. 10. (a)), but these are relaxed
in ETD conditions. Fig. 10. (b) shows that the values of shear modulus
in the linear elastic region for the experiments and the simulations are
in agreement. A modulus knockdown of 18.52% is predicted for ETD
tests, while the corresponding experimental drop was 15.81%.

For the shear yield and ultimate (5%) strength, the good agreement
between the simulations and the experiments can be appreciated in
Fig. 11. The FE models yield a 25.77% knockdown of the shear yield
strength between RTD and ETD conditions; the corresponding experi-
mental drop is 26.66%. The knockdown of the ultimate strength be-
tween RTD and ETD simulations is 22.5%, whereas the tests gave a
20.9% reduction.

4.3. Interlaminar tension

Curved beam tests performed on unidirectional [0],, laminates
(4.025 mm thick) [32] are considered for assessing the implementation
of the interlaminar tensile strength (ILTS) and mode-I fracture energy
(GIc) phenomenological equations, i.e. eq. (1) and (6). A half FE model
of the curved beam coupon was set up, owing to the Z-plane symmetry
of the test configuration. The model included the loading rollers. A re-
gion of fine mesh in the 90° curvature was introduced to accurately pre-
dict the matrix cracking and/or delamination failure. To improve the
computational efficiency, the width of the model was scaled down to
0.93 mm by assuming that the free edge stresses are independent of
the model width. This assumption is reasonable for a unidirectional
laminate. A contact friction coefficient of 0.3 was used between the rol-
lers and laminate. Cohesive interface elements were inserted at each ply
interface. RTD and ETW (120 °C, %M =~ 1) conditions were simulated to
compare with the experimental ILTS results from NCAMP [40]. The
through-thickness stress distribution in the unidirectional curved
beam (ETW) just prior to the delamination failure reveals that the ten-
sile stress at the centre of the laminate causes delamination of interface
cohesive elements. This implies that the material fracture toughness has
an influence on the actual tensile strength, since failure is influenced by
delamination growth. In Fig. 12. (b), matrix cracks (red) originate in the
vicinity of stress concentration and propagate along the fibre direction
of the laminates as straight splits.

The experimental and simulation-predicted ILTS values are com-
pared in Fig. 12. (a). This shows that if the “reference” RTD mode-I frac-
ture energy of 0.26 N/mm were to be used for ETW conditions, the
corresponding ILTS would be under-estimated by about 10%. On the

8000 Il NCAMP-RTD - 23°C
7000 -
7/ FEM-RTD - 23 °C
6000 Experiment-ETD - 80 °C
V///|FEM-ETD - 80 °C
< 5000
o
= 4000
O 3000
2000
1000 -
0 _

(b)

Fig. 10. In-plane shear test of [+45/—45]3s IM7/8552 laminate at RTD and ETD conditions; (a) Stress-Strain curve; (b) Shear modulus.
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Fig. 11. Comparison of experimental and predicted in-plane nominal shear strength of IM7/8552 at RTD and ETD conditions; (a) at 0.2% offset strain; (b) at 5% strain.
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Fig. 12. ILTS comparison of hygro-thermally conditioned specimens, (a) FE prediction and experiments (b) FE results of curved beam at ETW conditions Matrix cracking (Red) and

delamination.

other hand, employing the mode I fracture toughness estimation for
ETW conditions (Glc = 0.35N/mm from eq. (6)) yields a strength knock-
down that agrees with the experimental results.

4.4. Uni-directional short beam shear

FE models for assessing the short beam shear strength were devel-
oped to validate the phenomenological equations egs. (1) and (6), re-
spectively for the interlaminar shear strength (ILSS) and the mode-II
fracture energy (Gjc). The simulations were carried out for RTD and
ETW (120 °C, M =~ 1) conditions, for which the NCAMP report [40]
gives the experimental results. The FE models included the loading rol-
lers, with contact friction coefficient set at 0.3. The experimental tests
and the corresponding simulations involve a [0]s4 IM7/8552 laminate.
Ahalf-length model of the coupon, with 13.43 mm x 0.92 mm x 6.25 mm
dimensions was introduced by taking advantage of symmetry. Interface
cohesive layers were inserted every six plies through the thickness, to
account for the influence of delamination on the maximum shear
strength of the beam. Fig. 13. (a) shows that the models gives strength
values in agreement with the experimental results for both RTD and
ETW conditions. The FE model gives a 49.92% strength degradation in
ETW coupons, whereas the experimental knockdown is 51.84%. The
model also predicts an 8% strength reduction in ETD conditions.

Local compressive stresses are present in the contact regions under
the rollers. These local compressive stresses promote the onset of ma-
trix failure, which is generally more pronounced in ETW conditions

rather than in an RTD scenario. The coupon failure mode is illustrated
in Fig. 13. (b). Matrix failure occurs in the areas where the through-
thickness shear stress is maximum, i.e. in between the loading and sup-
port roller. The delamination tends to be more progressive as tempera-
ture and moisture content are increased.

5. Validation of simulation framework

Having demonstrated the correctness of the FE implementations of
the phenomenological equations discussed in sec. 2 and the associated
damage model in sec. 3, we will now consider two validation cases
that were not included in the model calibrations. These cases involve
the simulation of the progressive failure of: 1) quasi-isotropic short
beam shear coupons; 2) open hole specimens subject to tension.

5.1. Quasi-Isotropic short beam shear

The experimental tests in the NCAMP database include the charac-
terisation of IM7/8552 short beam shear coupons with a quasi-
isotropic (QI) lay-up sequence of [45/0/—45/90]s5s [40]. These are
considered here to validate the hygrothermal-dependent interlaminar
shear strength (ILSS) model, but also the mode-II fracture energy
(GlIc) phenomenological equations (eqs. (1) and (6)), together with
the associated damage models from sec 3. The FE models consider the
full specimen width (4.2 mm) to capture the free-edge thermal residual
stresses. A fine mesh region was introduced beneath the rollers to better
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Fig. 13. (a) Experimental versus predicted ILSS of IM7/8552 UD laminates at RTD, ETD and ETW conditions (b) Failure mode in UD short beam shear coupons.
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Fig. 14. (a) Experimental versus predicted ILSS of IM7/8552 Ql laminates at RTD and ETW conditions and (b) From top: through thickness shear, bending stress and matrix (red boxes) &

delamination (red lines) failures.

represent the local contact interaction. Cohesive interface elements
were inserted at each ply interface. The numerical and experimental in-
terlaminar shear strength values are plotted in Fig. 14. (a), where a good
correlation can be observed for RTD conditions. For the ETW (120 °C, %
M ~ 1) scenario, the mode II fracture toughness obtained from eq. (6) is
0.63 N/mm. This gives a predicted strength of 42.96 MPa, which is 11%
lower than the mean experimental value and just outside the associated
experimental scatter. In order to assess the influence of the mode II frac-
ture toughness on the shear strength of quasi-isotropic short beam cou-
pons, the FE models were also run with Gllc values of 0.39 N/mm,
0.41 N/mm and 1 N/mm. The corresponding results are also presented
in Fig. 14. (a), from which it can be appreciated that a 61% variation of
Glic causes only a 12.7% change in strength for the QI short-beam-
shear coupons.

Contour plots of through thickness shear and longitudinal bending
stresses are shown in Fig. 14. (b) for the coupons simulated in ETW con-
ditions. Through-thickness shear stresses develop between the rollers.
The maximum tensile and compressive stresses are attained at the bot-
tom and top plies, respectively. Local compressive stresses under the
top roller initiates the matrix failure of the top ply (45°), albeit this
does not cause any significant load drop. This compressive failure is
more pronounced in ETW conditions and it also leads to the onset of
delamination.

As the load increases, the matrix failure initiates in the 90° plies, then
it propagates along the length of the laminate and, finally, it spreads to
the neighbouring plies. For the RTD simulations, the delamination that
causes the first load drop occurs at 0/—45 interface, just above the
mid through-thickness plane. In the ETW scenario, the first load drop

in the simulations is due to delamination occurring at the 90/—45 inter-
face, just below the mid through-thickness plane. This is due to the re-
laxation of thermal residual stresses and the loss of transverse
stiffness with increasing temperature and moisture content.

5.2. Open-hole tension

Quasi-static simulations of open-hole [45/0/—45/90],s IM7/8552
laminates were carried out to predict the effect of temperature and
moisture on the associated strength. These corresponding experimental
tests are part of the NCAMP report [40]. The dimensions of the laminate
and central hole (6 mm) are the same prescribed in the ASTM D5766
standard (see Fig. 15), with the exception of a shorter gauge length.
By virtue of the laminate mid-plane symmetry, only half of the overall
thickness needs to be modelled, with a fine mesh region introduced
around the hole to capture the onset, progression and interaction of fail-
ure modes. Cohesive interface elements (COH3D8) with 10~ mm
thickness are inserted at each ply interface. Velocity boundary condi-
tions with displacement rate of 0.5 mm/s are applied at the opposite
ends of the coupon, while Z-symmetry boundary conditions are pre-
scribed at the mid through-thickness plane.

Considering Fig. 16. (a), in RTD conditions the laminate behaves lin-
early until a first load drop occurs. This corresponds to the onset of de-
lamination from the edge of the hole. As the load increases, the
delamination progressively grows, until a catastrophic tensile fibre fail-
ure takes place in the 0° plies. The onset of delamination is promoted by
thermal residual stresses. By contrast, there is no visible load drop in the
curves that correspond to the hole-edge delamination in ETW
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?6mm

36 mm

Fig. 15. Mesh discretization of open-hole tensile specimen of IM7/8552 [45/0/—45/90]5s.

conditions. Actually, the onset of delamination takes place at a lower ap-
plied load in an ETW scenario than in RTD conditions. However, the pro-
gression of interlaminar cracking is hindered by the residual stress
relaxation, which also delays final fibre failure.

The open-hole tensile strength for RTD and ETW conditions are com-
pared in Fig. 16. (b). In both cases, the predicted values are in good
agreement with the NCAMP results [40], i.e. within the experimental
scatter band. The simulations actually predict a 16.7% increase in
strength for ETW conditions, which is larger than the 11.7% average
gain in strength observed in the tests, but still within the experimental
scatter. This increase of strength is dependent on the lay-up sequence
and, more in detail, on the mechanisms that control the relaxation of re-
sidual stress with increasing temperature and moisture content.

In RTD conditions, matrix cracks initiates around the hole edges of 0°
(location 1 in Fig. 15) and 90° (location 2 in Fig. 15) plies at the end of
thermal cool-down step. Upon the application of mechanical loads, ma-
trix cracks form in the off-axis plies. Then simultaneous delaminations
occur at the —45/90 and 45/0 interfaces around the hole. With further
load, delaminations initiate also at the laminate free edges (—45/90
and 45/0) and grow until they join with the interlaminar cracks sur-
rounding the hole edge. Finally, catastrophic fibre failure occurs. The
progression of damage during the RTD FE simulations in shown on the
left of Fig. 17.

For ETW conditions, no matrix cracking is observed after the thermal
step, as a consequence of the smaller temperature variation compared
to cure condition. Under tensile loading, matrix cracks initiate at the
hole edges of 0° plies, then in the off-axis layers and finally in the 90°
plies. Delamination onset takes place at the hole edge, affecting the 0/
—45 and 45/0 interfaces. The matrix in the 0° plies around the hole
edge is likely to be poorly constrained by the cut fibres. This initiates
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the tensile failure and the ensuing propagation driven by interlaminar
shear. As evident from Fig. 17, the matrix cracks in off-axis plies in the
ETW conditions are reduced in number, because of the relaxation of re-
sidual stresses. Similarly, the delamination propagation in 90/445
and + 45/0 interfaces is partially suppressed by the aforementioned
stress relaxation. However, as the simulation progresses, the matrix
splitting in the 0° plies develops and promotes more delamination prop-
agation at 0/—45 interfaces compared to RTD conditions. With further
loading, the splitting of 0° plies takes place also at the laminate free
edge and this produces delaminations that grow towards the centre of
the laminate. Unlike RTD conditions, in the ETW scenario the tensile fail-
ures of 0° plies around the hole are discontinuous, due to the relaxation
of edge residual stresses. Thus, the final longitudinal failure of laminates
tested in ETW conditions is more progressive in nature than that ob-
served in moisture-free specimens at room temperature.

6. Conclusions

A novel set of phenomenological equations has been introduced to
model the effect of temperature and moisture content on the stiffness,
strength and mixed-mode interlaminar fracture toughness of fibre-
reinforced polymeric composites. The matrix dominated strength prop-
erties have been expressed as function of temperature and moisture,
employing a variable-load extension of the Zhurkov kinetic approach.
The phenomenological equations here proposed have been calibrated
via experimental data available in the open literature in the NCAMP da-
tabase [40] for the carbon-epoxy material IM7/8552, complemented by
further characterisation tests performed at the University of Bristol. The
phenomenological equations account for the effect of temperature and
moisture on the non-linear shear behaviour of fibre-reinforced
polymers.

An implementation of the aforementioned phenomenological equa-
tions into finite element analysis has been illustrated. The simulation
framework is based on progressive damage models and their
implementations, in particular directed-crack continuum damage me-
chanics and cohesive interface elements [45,46], which have been ex-
tended to account for the role played by environmental effects on
intralaminar and interlaminar cracking, as well as fibre failure. The con-
sistency of the modelling approach has been verified by simulating the
experimental tests from the NCAMP database involving transverse ten-
sion, in-plane shear, interlaminar tension and interlaminar shear.

Finally, the modelling framework proposed in this paper has been
validated by numerically investigating the mechanical response of
quasi-isotropic short beam shear coupons and open-hole specimens
subject to tension. It has been demonstrated that the simulation strat-
egy outlined in this paper is able to capture the influence of temperature
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FEM-ETW

458.36
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Fig. 16. (a) Predicted load-displacement curves (b) Experimental and predicted open-hole tensile strength comparison of RTD and ETW specimens [45/0/—45/90],s.
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Fig. 17. Comparison of damage profile obtained (after 30% load-drop) from open-hole tensile siumlation of RTD and ETW specimens; Red - matrix crack; Turquoise - delamination,

Orange - fibre tensile failure.

and moisture, i.e. hygro-thermal conditions, on the development and
interaction of damage modes (matrix cracking, delamination and fibre
failure) affecting fibre-reinforcing composites under realistic in-
service conditions. The strength predictions from the simulations are
in good agreement with the test results, with failure loads falling within
the experimental scatter for the validation cases considered.

In particular, it has been shown that the simulation framework illus-
trated in this paper is able to capture the enhancement of the open-hole
strength for a quasi-isotropic laminate, which is due to the relaxation of
thermal residual stresses at free edges, as well as to the enhanced
pseudo-ductility and of the matrix. This is an important result because
“hot-wet” conditions are usually considered the most detrimental for
composite structures in service. However, this is not necessarily the
case, as the actual strength depends on the complex and synergistic in-
teraction among failure mechanisms, which is strongly influenced by
environmental effects. This work has demonstrated how such an envi-
ronmentally assisted interaction can be fully predicted via high-
fidelity finite-element simulations.
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Appendix A. Derivation of temperature and moisture dependent
strength

The kinetic theory of fracture strength of polymers under constant
uniaxial stresses (0) and temperature (T) was developed by Zhurkov
et al. [33-35]. The time of failure (tf) was expressed as
tp=to e (A1)
where ty is defined as the period of oscillation of atoms in covalent
bonds; Ris the gas constant y is the molar volume and U is the activation
energy required to break down the molecular bonds in unstressed con-
ditions. At ty = ty, the product yo equals the energy barrier (U) then eq.
(A.1) can be equivalently written as

l(]_L)
ff =ty e’ of0 s (AZ)
where 0Op, is here denoted as “characteristic limit strength”. For quasi-
static experiments the stress must be considered as time dependant,
i.e. 0 = o(t). A damage variable at any arbitrary material point can be
defined as
At;

i =—

: (A3)

where At; is the time spent at the stress level 0 = 0; and tj is the corre-
sponding time to failure of the material. It is here assumed that, for a
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given temperature T, the material failure occurs when the following cu-
mulative damage condition is verified:

N N Ap.
D =S A, (A4)
=1 =1

1

=

i

For a continuous load-time history and constant stress rate, eq. (A.4)
could be rewritten in integral form as

t ot
/ Lot [?] dt = toer. (A5)
0

Integrating eq. (A.5) and rearranging, we get:

e (A6)

O'f(T) :O_fOD% In |:] + Untoor UD:|,

RTo fop

where the subscript D denotes “dry”, i.e. zero moisture content,
conditions.

Using eqs. (A.4) and (A.6), opp and Up for dry specimens can be
readily obtained from experimental data at different temperatures. On
the other hand, the presence of moisture strongly affects the activation
energy and molar volume of polymers. In epoxy-based composites,
swelling and plasticizing of cured resins degrade the polymer chain
and leads to a premature bond breakage. For moisture saturated, i.e.
“wet”, polymers, eq. (A.6) can be written as

RT
0¢(T,Mm) :(ffowm (A7)

where Uy and opw denote the activation energy and characteristic
strength of a “wet” polymer, respectively. We hereby assume that the
activation energy and molar volume (vyy) of the wet specimens can
be written as functions of moisture (M,,,(%)) and the corresponding
dry material parameters, i.e.

Uw = Up.f (M) and Yy = ¥p.f(Mn). (A8)

Moisture affinity of cured epoxy functional groups lowers the glass
transition temperature (T,) of wet polymers. Thus, the glass transition
temperature of wet (Tgy) and (Tgp) dry composite specimens can be re-
lated as follows [3].

Tew = Tgp f(Mm) (A.9)

By substituting eq. (A.9) into eq. (A.8) and assuming a power law
form for f(T,), we get.

«a B
U = Up (72 andyy = vo (%) (A10)
Tep Tep
Hence, the characteristic strength of a “wet” polymer is
P Uoity =0 Taw™ ™" (A11)
fow = Yo = e = Orop T ) .
'YDTgT

where a and 3 are empirical coefficients obtained from experimental
data for “wet” polymers. Substituting eq. (A.11) into eq. (A.7) leads to
the expression of the strength given in eq. (1) of this manuscript.
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