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Abstract. Composite materials are of increasing interest in aircraft and spacecraft structures, and carbon fiber reinforced
polymers (CFRP) have emerged as materials meeting quality standards for structural applications in the aircraft industry.
Despite their high mechanical properties, CFRPs are associated with high production costs. Building on recent research by
the authors, this paper investigates the use of ply-level hybridization to reduce manufacturing costs while maintaining the
mechanical performance of the manufactured material. Focusing on the causes of nonlinear response under off-axis tensile
loading, the paper involves cyclic load-unload (LU) tensile tests conducted at off-axis angles of 15°, 30°, and 45° to predict
mechanical characteristics and damage evolution. Residual strains are directly extracted from load-unload stress-strain re-
sponses. Three distinct methods for estimating cycle modulus are employed and compared for damage variable formulation.
The research findings reveal dependencies of both the damage variable and residual strains on the off-axis angle. Furthermore,
the method used to assess the modulus during cycling loading significantly influences the damage variable estimation. En-
couragingly, the hybrid laminates exhibit reduced internal damage and matrix plasticity compared to reference counterparts,
indicating a positive effect on the mechanical performances of hybridized CFRPs in addition to the cost reduction.

Keywords: hybridization, residual strain, damage variable, mechanical properties, thermoset composites

1. Introduction hybridization on composite laminates, but fewer
Composite materials, specifically carbon fiber rein-  studies have investigated all-carbon fiber hybrid
forced polymers (CFRP), have become a fundamen-  composites. Curtis and Browne [2] combined stan-
tal material choice for lightweight structural appli-  dard-quality carbon fiber plies with ultra-high-per-
cations, such as spacecraft and aircraft. CFRP is  formance carbon fibers, achieving a similar mechan-
offered in various grades [1], where higher quality ical response to composites made solely with ultra-
grades correspond to enhanced mechanical proper-  high-performance fibers and reducing costs by 17%.
ties and higher costs. To address cost-effectiveness  Naito et al. [5] combined high strength with high-
while preserving technical performance, there has  modulus carbon fibers, resulting in an intermediate
been significant interest in the concept of hybridiza-  initial modulus and a complicated stress-strain re-
tion [2—4]. The aim is to mitigate costs or reduce the  sponse. Cz¢€l et al. [6] employed all-carbon hybridiza-
carbon footprint of materials while still maintaining  tion to obtain a pseudo-ductile failure response by
the desired level of technical performance. blocking low-strain to-failure carbon fibers with high
Previous research on composite hybridization has  and ultra-high modulus fibers. Dransfeld et al. [7]
extensively studied the effects of glass-carbon fiber achieved pseudo-ductility in a quasi-isotropic hybrid
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laminate with carbon fibers of different elastic mod-
uli. Furtado et al. [8] introduced ply-level hybridiza-
tion by mixing prepregs with different ply thickness-
es, improving the notched response of thin-ply com-
posites. Sebaey and Mahdi [9] and Sasikumar et al.
[10] investigated ply-level hybridization for com-
pression after impact (CAI) strength improvement.
However, no studies have examined the response of
all-carbon hybrid composites under high-velocity
impact and high-strain loading. Furthermore, the
mentioned works primarily used a quasi-isotropic
layup, and there is limited research on the effects of
ply-level hybridization in unidirectional (UD) com-
posites. Amacher et al. [11] studied the effect of ply
thickness on the mechanical response of unidirec-
tional and quasi-isotropic carbon fiber laminates and
found no significant difference in properties between
different ply thicknesses within the same prepreg
system. The previously mentioned studies achieved
hybridization by varying either the thickness of the
plies or the type of carbon fiber. In this study, the ob-
jective is to achieve hybridization by incorporating
variations in ply thickness as well as carbon fiber
type and analyze the effects. Unidirectional lami-
nates were selected as the focus of this study to gain
a fundamental understanding of the impact of hy-
bridization.

As observed in a previous study [12], the stress-
strain response of unidirectional carbon fiber com-
posites, whether they are hybrid or not, shows a non-
linear shape when loaded off-axis. Various studies
have investigated the nonlinear behavior of compos-
ite laminates and its implications. Hahn and Tsai [13]
conducted experiments and developed analytical
models to understand the effect of nonlinear con-
stituent laminae on laminate behavior. Ogihara [14]
studied the nonlinear response of the T300/2500 car-
bon/epoxy system under off-axis tensile loading, ob-
serving softening nonlinearity in off-axis specimens.
Yokozeki et al. [15] explored the nonlinear mechan-
ical behaviors and strengths of CFRP unidirectional
and multidirectional laminates under compressive
loadings. They used a one-parameter plasticity model
combined with nonlinear elasticity to characterize
the nonlinear mechanical properties of unidirectional
composites. Ma et al. [16] examined the off-axis be-
havior of PEEK/AS4 unidirectional thermoplastic
composites, identifying a linear-elastic relationship
during the initial stage and non-linear behavior dur-
ing the strain-hardening phase.
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Different models used to predict the nonlinear be-
havior of unidirectional fiber reinforced composites
loaded off-axis attribute the nonlinearity of the re-
sponse either to plastic deformation of the matrix
[17-20], to internal damage and stiffness reduction
[21, 22], or both [23-28].

Building upon the groundwork of prior studies [12,
29], this research explores the origins of nonlinear
behavior in off-axis tests for the studied unidirec-
tional ply-level hybrid composite materials. In this
regard, cyclic load-unload (LU) tests are performed,
with the amplitude of the stress level increasing for
each cycle. In a previous investigation of the off-axis
behavior of ply-level hybrid composites [12], an in-
triguing finding emerged — ply-level hybrid materi-
als exhibit strain hardening within the non-linear re-
sponse region, displaying superior stress levels at
equivalent strains compared to both types of refer-
ence laminates. The damage/plasticity analysis pro-
vides a deeper understanding of the factors con-
tributing to this behavior. Moreover, we evaluate the
presence or absence of thickness effects in the tested
reference laminates, as there is a lack of scientific
papers addressing thickness effects in this specific
loading scenario and damage assessment.

This research presents a contribution by employing
established damage assessment methods found in
existing literature while also introducing an applica-
tion of the regression method for damage analysis
purposes. A distinctive aspect of this study is that we
have not encountered any prior work in which these
methods are applied to the same dataset, allowing us
to compare and contrast their outcomes and thus un-
cover their respective strengths and limitations.

2. Materials and methods

This study focuses on unidirectional carbon fiber-re-
inforced composites (UD CFRP). Two different
prepregs, namely HSC-500-DT102S-40EF (HSC)
and UTS-150-DT120-32F (UTS), were used to man-
ufacture the composite laminates. Throughout this
paper, these prepregs will be denoted as HSC and
UTS prepregs, respectively, in correspondence with
the carbon fiber type present in each prepreg. The
DT102S is a thermosetting epoxy with a glass tran-
sition temperature 7, of 120-130°C, while the DT120
is a toughened thermosetting epoxy known for its
high-impact strength, and has a glass transition tem-
perature 7, of 115-120°C, provided by the manu-
facturer’s datasheet. Both prepregs are manufactured
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by Delta-Preg® (Sant’Egidio alla Vibrata, Italy), and
the thermosetting resins are produced by Delta-Tech®
(Altopascio, Italy) and employ a medium-tempera-
ture curing process.

The key distinction between the two prepregs lies in
the fibers’ quality.

The UTS prepreg incorporates UTS50 standardized
carbon fibers manufactured by Teijin Tenax® (Tokyo,
Japan), with well-documented mechanical properties
that have a longitudinal modulus of 245 GPa and a
strength of 5100 MPa. The elongation at break is
2.1%, and the density is 1.78 g/cm?.

The HSC prepreg employs non-standardized high-
strength carbon (HS carbon) fibers, and the prepreg
manufacturer provides only the minimum potential
values for the mechanical properties of the HS car-
bon fibers without specifying their manufacturer.
For HS carbon fibers, the longitudinal modulus is
>230 GPa, and the strength is >3800 MPa. The elon-
gation at break is between 1.6 and 2.1%, and the
density is not specified within the prepreg datasheet.
This difference in fiber quality and standardization
also affects the cost/areal weight of the prepregs.
All laminate panels were cured in an autoclave ac-
cording to the prepreg manufacturer’s specifications,
and the laminate manufacturing was carried out by
Belcoavia S.R.L (Livezile, Romania).

To achieve ply-level hybridization in both ply thick-
ness and material type, for an unsymmetric, thinner
laminate denoted as H1 material, a stacking se-
quence of 2HSC+1UTS+1HSC+1UTS [0°] was em-
ployed. For a symmetric, thicker laminate referred
to as H2 material, we adopted a stacking sequence
of IHSC+1UTS+2HSC+1UTS+1HSC [0°].

The selection of the stacking sequence for the hybrid
laminates was initially determined, and based on the
estimated areal weight provided by the UTS
prepregs’ datasheet (150 g/m?), the number of plies
for the UTS type laminates was chosen to match the
areal mass and laminate thickness of H1 and H2

samples as closely as possible. Consequently, lami-
nates consisting of 13 and 17 UTS plies were man-
ufactured and labeled as UTS13 and UTS17, respec-
tively. Since the HSC prepreg utilizes thick plies
with a high areal mass (500 g/m?), the laminates
were created by adjusting the number of HSC plies
within each type of hybrid laminate. This adjustment
aimed to examine whether the mechanical behavior
would vary by simply adding two additional UTS
plies. The HSC laminates were constructed with 3 and
4 plies and will be referred to as HSC3 and HSC4,
respectively.

The stacking sequence of the laminates is described
in Table 1, and fiber volume fractions determined in
previous work are provided as well [29]. Cross-sec-
tion views of the described laminates are shown in
Figure 1 [12]. The same laminates were used in pre-
vious studies [12, 29], in which characterization of
internal structure, physical properties, and on and off-
axis quasi-static mechanical properties are provided.

3. Experimental setup and specimen
description

To investigate the nature of the nonlinear stress-
strain response in off-axis tensile tests of the unidi-
rectional carbon-fiber materials from this study,
cyclic load-unload tensile tests were performed for
off-axis angles of 15°, 30°, and 45°. The number of
cycles is limited to a maximum of six to avoid low
cycle fatigue phenomenon effects [28], with six cy-
cles being applied for the first two off-axis angles,
and four cycles for the last one, as the maximum
stress level reached by the was lower than for the
other angles.

To choose the unloading stress levels, the monotonic
stress-strain response from a previous study [12]
was analyzed. The first unloading stress level was
chosen as being half the stress at which the nonlinear
response begins. The second level was at the stress
value where the nonlinear response begins, and for

Table 1. Laminate details of hybridized and non-hybridized CFRP samples.

Laminate name Stacking sequence Fiber volunll‘;)iiraction 291
HSC3 HSC[0°]; 49.84
HSC4 HSC[0°]4 49.31
UTS13 UTS[0°]13 54.46
UTS17 UTS[0°]7 53.67
H1 2HSC+1UTS+IHSC+1UTS [0°] 50.32
H2 IHSC+1UTS+2HSC+1UTS+1HSC [0°] 52.14
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Figure 1. Cross-section views of the materials in this study obtained using a Keyence VHX-5000 series digital microscope;
a) UTS13; b) UTS17; ¢) H2; d) HSC3; e) HSC4; f) H1 [12].

the other unloading stress values, increments of 10
and 15 MPa were considered.

Because the tests were performed in two experimen-
tal campaigns, there are small differences in the cho-
sen stress levels for each cycle for the Hl material
and the others because H1 tests were performed first,
and the stress levels chosen for this material were too
high for some of the reference materials. In an addi-
tional experimental campaign, the stress levels were
kept the same for all tested materials except for the
30° off-axis angles test on UTS13. Initially, higher
values were designated for the maximum stress in the
cycle. Given that none of the UTS13 samples com-
pleted the 6" cycle, adjustments were made to reduce
the maximum stress levels in the final cycles for the
other materials. The actual values of the unloading
stress levels that were imposed for each configura-
tion are detailed in Table 2.

Table 2. Maximum stress for each cycle of load-unload tests.

All mechanical tests were carried out at ambient tem-
perature (20°C) using an electromechanical testing
machine INSTRON® 5960 (Instron, Norwood, Mas-
sachusetts, USA) with a load cell of 50 kN and con-
trolled in displacement at 1 mm/min, giving an ap-
proximate strain rate of 10# 1/s. As in previous works
[12, 29], Digital image correlation (DIC) was used
for strain measurements because it is a powerful op-
tical technique that enables non-contact, full-field
measurements [30-32]. GOM Aramis® 5M package
(GOM Metrology, Braunschweig, Germany) was
used for DIC measurements, post-processing, and ex-
traction of the strain values. The GOM Aramis® 5M
sensor comprises two charge-coupled device (CCD)
cameras with a resolution of 2448%2050 pixels.
Lenses with a 50 mm focal distance and no zoom
capability were employed. The tensile force from the
tensile machine was imported via the Analog-to-digital

C1 C2 C3 C4 C5 Cé6
Material 0 Omax Omax Omax Omax Omax Omax
[MPa] | [MPa] | [MPa] | [MPa] | [MPa] | [MPa]
15° 72 145 160 175 190 205
Hl1 30° 30 60 70 80 90 100
45° 22 44 55 65 — -
15° 65 120 140 160 180 190
H2, HSC3, HSC4, UTS13, UTS17
45° 20 40 50 60 - -
H2, HSC3, HSC4, UTS17 30° 25 50 60 70 80 90
UTS13 30° 25 50 70 85 95 100
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(A/D) input of the sensor controller to establish a
more accurate correlation between force and dis-
placement measurements.

The sample dimensions for all off-axis tensile tests
were according to EN ISO 527-5 [33], as illustrated
by Figure 2, with the corresponding axis systems:
x — the load direction, y — transverse to the load di-
rection, 1 — fiber direction, 2 — transverse to the fiber
direction, and 0 — the off-axis angle. Additional de-
tails of the sample configurations for each material
are given in Table 3, as well as the number of tested
samples. The samples were provided in two batches
and were cut using methods available at the specific
time. H1 samples were cut at the manufacturer’s fa-
cility using a milling machine, while all other sam-
ples were cut using water-jet cutting at Université de
Bretagne Occidentale in Brest, France. Sample edges
were visually inspected to ensure no visible asperi-
ties that could affect the tests.

For the DIC analysis, a high-contrast stochastic pat-
tern was applied to the specimen under investigation.
Prior to the test, a reference image of the undeformed
sample was recorded, followed by sequential images
of the deformed sample during the tensile test. The
ARAMIS V6.3 software from the GOM Aramis® 5M
package was used in the postprocessing step to ana-
lyze and track the unique surface patterns, providing
a progressive measurement of surface deformation.
The DIC processing employed a subset size of
19x19 pixels, with a step size of 10 pixels and an
overlap area of 9 pixels. According to the system’s
user manual, under standard conditions, the standard

Aluminum CFRP
end-tabs sample 2 M )
| N

|
v // A -
X N
50
250 =

Tt

Figure 2. Samples dimensions in mm [12].

deviation for in-plane displacements can reach up to
0.4 pm.

After calibrating the GOM system, only 75 mm of the
sample’s gauge length was within the field of view of
the camera system, out of the total of 150 mm.

4. Residual strain and damage variable
estimation

To investigate the cause for nonlinear behavior in
off-axis tests for the composite materials, cyclic
load-unload tests are performed, with the amplitude
of the stress level increasing for each cycle. This ap-
proach has been proposed by Ladevéze and LeDan-
tec [28], and they associated the stiffness reduction
with a damage variable based on continuum damage
mechanics, while a plasticity model takes into ac-
count the residual strains with complete unloading.
The damage variable (D) can be calculated from the
cyclic load-unload tests using Equation (1), where
E; represents the modulus of the i cycle and E rep-
resents the initial elastic modulus of the first cycle.
The damage variable provides an indirect measure-
ment of physical damage in composite laminates
[34]. The residual strain (or plastic strain), needed
for identifying the parameters for a plasticity model,
can be extracted as well from the cyclic load-unload
modulus using Equation (2) where o; is the maxi-
mum stress in the i cycle, which should be as close
as possible to the maximum stress levels imposed
in the test setup:

p=1-% (1)
E()
o.
€res = Si_FI (2)

In Ladevéze and LeDantec’s work [28], the elastic
modulus of the cycle £ is evaluated as the unloading
chord modulus from the endpoints of the loading and
unloading part of the ith cycle, as shown in Figure 3a

Table 3. Tensile tests - samples’ dimension details, according to EN ISO 527-5 [33] standard.

Laminate | Off-axis angle Number of | Nominal length | Nominal width, w | Nominal thickness, # | Aluminum tabs thickness, 74,
samples [mm)] [mm] [mm] [mm)]
HSC3 15°,30°,45° 3 250 25 1.69 1.5
HSC4 15°,30°,45° 3 250 25 2.24 1.5
UTS13 15°,30°,45° 3 250 25 2.10 1.5
UTS17 15°,30°,45° 3 250 25 2.70 1.5
H1 15°,30°,45° 4 250 25 2.19 2.0
H2 15°, 30°,45° 1/2/1* 250 25 2.70 1.5

“a limited number of H2 samples were available for each off-axis angle

45



M. Casapu et al. — Express Polymer Letters Vol. 18, No.1 (2024) 41-60

(Ladeveze method), such that the effects of the load-
unload hysteresis are minimized [27]. The same sug-
gestion is given by Lemaitre and Chaboche [35].
Ladevéze’s approach to elastic modulus evaluation
was also used by Zhai et al. [36] to determine dam-
age parameters for a coupled damage-plasticity model
for nonlinear off-axis behavior prediction of quasi-
UD E-glass fabric reinforced polypropylene com-
posites. In other works [37-39], the same approach
was used to evaluate the in-plane shear modulus
degradation. Fuller and Wisnom [40] used a similar
approach to show that the [+265]s and [+275]s layups
of thin-ply carbon-fiber specimens retain most of
their initial stiffness after multiple cyclic load-unload
testing while exhibiting pseudo-ductility. However,
they considered that by calculating the chord modu-
lus of each cycle from a higher applied stress than
the previous one, an overestimation of the stiffness
loss would be induced and used a secant modulus up
to a constant value of applied stress.

While Ladeveéze’s approach is widely used in the lit-
erature, two other proposals for the evaluation of the
elastic modulus of the cycle were found, which are
less researched. Fitoussi et al. [41] suggested taking
the cycle modulus as the slope of a linear regression
of the reloading curve of the cycle, taken between
0xi/10 and o,;/2. An illustration of this method is
found in Figure 3b and is referred to as the Fitoussi
method. Castres [43] suggested another approach,

i cycle

>

X

€
res,i

f
a)

Figure 3. Method of determination of damage variable D and residual strain g from load-unload cycles; a) Ladeveze’s

by applying a successive linear regression on the
loading curve of each cycle and selecting the modulus
as the slope of the linear regression that has a maxi-
mum coefficient of determination R?. Castres’s pro-
posal is very similar to the method described in pre-
vious work [12], and used for the extraction of the
apparent modulus from the off-axis tensile test, de-
noted as the regression method. By considering the
tangential modulus of the loading curve, the stress
level of the cycle should not influence the modulus
evaluation. Compared to the chord modulus, which
provides an overall measure of how the material’s
stiffness changes as it undergoes loading and unload-
ing, capturing the cumulative effect of these changes
throughout the cycle, the tangential modulus offers a
localized measure of the material’s stiffness during
the initial loading phase of the cycle. However, it does
not account for the energy dissipation and the differ-
ences between loading and unloading behavior.

In the regression method employed in this work, for
each loading curve of each cycle, successive least-
squares linear regressions are employed. For a given
cycle, a regression is calculated using an initial se-
lection of the first few experimental points from the
entire loading curve. Subsequent regressions are
computed by adding additional experimental points
with each increment. For each regression, the coeffi-
cient of determination R? is determined, indicating
the correlation between experimental data and the

i cycle

Q

(o]

€
res,i

b)

method (adapted from [28]), b) Fitoussi’s method (adapted from [41, 42]).
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linear fit. A value of 1 indicates a perfect fit. In this
procedure, the dataset points from the loading curve
with the highest R? are identified, and the apparent
modulus is then determined as the slope of the linear
fit for the data points associated with the highest R?
regression.

The distinction between the Fitoussi method and
the regression method lies in the data points from
the loading curve used to assess the modulus. The
Fitoussi method employs linear regression within
predetermined bounds on the loading curve, regard-
less of the fit’s quality. In contrast, the regression
method selects the set data points from the same load-
ing curve that offers the best correlation to a linear
regression. While Eliopoulos and Philippidis [44]
also determined the cycle elastic modulus for stiffness
degradation analysis as the slope of the linear regres-
sion model of each stress—strain loop, no mention is
made in their work as to whether any bounds or ad-
ditional criteria were imposed for the regression.
Regardless of the method for extracting the cycle
modulus, in these methods, the residual strain is ex-
tracted in the same manner as in Ladeveéze’s work.
The three methods for evaluating the elastic modulus
of the cycle, thus the damage variable, are employed
and compared in this work and will be referred to as
the Ladevéze method, the Fitoussi method, and the
regression method.

5. Results and discussion

In general, good reproducibility was obtained for all
configurations, thus, only representative samples are
presented. Figure 4 shows the axial stress-strain re-
sponse for representative samples of monotonic and
cyclic load-unload, where columns represent the off-
axis angle and the rows the laminate configuration.
It can be observed that the cyclic envelope curve is
coincident with the monotonic curve for all materials
at all tested off-axis angles. Only for the 15° off-axis
angle, for UTS17, H1, and H2, the cyclic curve
shows a small extent of strain hardening as the non-
linear deformation increases.

All cyclic load-unload tensile curves exhibit a non-
linear appearance, with residual strains with complete
unloading. It suggests that the cause of the nonlinear-
ity of the stress-strain response involves a plastic
component. Moreover, the nonlinearity of the stress-
strain curves during unloading was also observed,
which leads to a decreased elastic modulus that has
been attributed to internal damage [28, 36, 45].
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Similar to monotonic off-axis results from a previous
study [12], UTS laminates exhibit a visible, more
pronounced nonlinearity with increasing load com-
pared to HSC and hybrid laminates. Furthermore, for
UTS13, the residual strain appears to be significantly
higher than for other laminates for the 15° and 30°
off-axis angles. Moreover, all cyclic load-unload ten-
sile curves exhibit hysteresis loops, with the width
of the hysteresis loop decreasing with increasing off-
axis angle. A similar observation was made by
Kawai and Negishi [46] for AS4/PEEK unidirection-
al composites. While studying the ratcheting behav-
ior of unidirectional T300/7901carbon fiber compos-
ites loaded off-axis, Cheng et al. [47] observed that
the nonlinear hysteresis behavior and ratcheting ef-
fect of each specimen under asymmetric stress cy-
cles depend on the fiber orientation and peak loading
stress. The size and shape of the hysteresis loop in
each cycle remained unchanged for 100 cycles. Thus,
it can be implied that the wider hysteresis loops with
increasing cycle number, as well as decreasing off-
axis angles, are due to the increase in the maximum
stress levels imposed for the cycles.

5.1. Residual strain estimation

The first to be investigated is the residual strain.
Figure 5 illustrates the average residual strain at the
unloading point versus the total strain of the cycle.
Throughout this work, all error bars represent half
the measuring range for samples tested in the same
configuration.

For all configurations, the residual strain rapidly ac-
cumulates with each cycle, and its value increases as
the prior maximum stress becomes larger, as also
noted by Kawai and Negishi [46]. It also shows a de-
pendence on the fiber orientation, as the residual
strain in 15° samples is the highest and in 45° sam-
ples is the lowest. This could be due to the fact that
for 15° off-axis tests, higher stress values for each
cycle are imposed, compared to other off-axis an-
gles. Moreover, for 15° samples, the residual strain
has a sharp increase towards the last three cycles,
while for 45° samples, the increase is almost linear
after the second cycle. Again, the higher values im-
posed for 15° samples could be responsible. More-
over, a lower number of cycles was imposed for the
45°off-axis angle (4 cycles are imposed as opposed
to 6 for the other angles). For all cases, the maximum
stress for the first two cycles is chosen to be in the
linear response regime, and as close to the transition
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Figure 5. Average residual strain vs. average total strain; a) HSC3; b) HSC4; ¢) UTS13; d) UTS17; e) H1; f) H2.

point from linear to nonlinear response, leading to
similar residual strain accumulation, regardless of
the off-axis angle.

Furthermore, it was shown by Sinclair and Chamis
[48] that when loaded off-axis, the fracture surfaces
of unidirectional composites revealed resulted in dis-
tinct fracture modes based on the off-axis angles. Up
to 30°, the fracture is mainly due to intralaminar shear
stress, whereas fracture at 45° primarily indicates
failure due to transverse tensile stress. Consequently,
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the different failure mechanisms could contribute to
the observed differences in residual strain accumu-
lation at different off-axis angles.

Figures 6a, 6b, and 6¢ show a comparison of average
residual strain versus average total strain between all
tested materials, and in Figures 6d, 6e, and 6f, a com-
parison of moderate residual strain vs. cycle stress
level is presented. By looking at the results from
cyclic load-unload tests for 15° and 30° off-axis an-
gles (1% column — 15°; 2" column — 30°), it can be
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Figure 6. Comparison of average residual strain vs. cycle stress level: a) 15°; b) 30°; ¢) 45°; Comparison of average residual

strain vs. total strain: d) 15°; e) 30°; f) 45°.

observed that in both cases, UTS13 has the highest
residual strain, and it also reaches a significantly
higher total strain by the last cycle, compared to
other materials. Still, when analyzing the average
residual strain versus average total strain (Figure 6a
and Figure 6b), the evolution trend of the residual
strain of UTS13 is similar to the evolution trend for
UTSI17, it only reaches higher values of both resid-
ual strain and total strain.

If the evolution trend of average residual strain ver-
sus average maximum stress of the cycle (the value
imposed in the test setup) is analyzed for the same
stress levels, the residual strain of UTS13 has a
sharper increase than UTS17, with a residual strain
value of 1.7 times higher for the last cycle of 15°
off-axis load-unload test. For the 45° off-axis angle
(Figure 6¢ and Figure 6f), the shape of the residual
strain evolution is similar for UTS13 and UTS17,
with UTS17 having higher values. Overall, UTS
laminates have the highest residual strains in all test
cases, suggesting that the matrix in UTS prepreg has
an inherent higher plasticity characteristic compared
to HSC laminates.

The residual strains of HSC3 and HSC4 laminates
have similar evolution for each off-axis angle, with
very close values for the 15° off-axis angle. For the
30° and 45° off-axis angles, HSC4 has a higher in-
crease in residual strain towards the last cycles com-
pared to HSC3. A similar trend is also observed for
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the hybrid laminates, H1 and H2. In this case, the
close values of residual strain are found for the 30°
off-axis angle, while for 15° and 45° off-axis angles,
H2 shows an increased residual strain towards the
last cycles. Furthermore, it can be observed that in
all cases, the hybrid laminates have lower residual
strains compared to all reference laminates for sim-
ilar total strains. This fact suggests that the interac-
tion between the different prepreg plies within the
hybrid carbon laminates leads to a material with
fewer residual strains, thus a more stable material
with a better ability to recover from displacements
[49]. The lower residual strain for hybrid laminates,
compared to HSC laminates could also be attributed
to the fact that the hybrid laminates have less resin-
rich regions compared to HSC laminates.

While there is a difference in the amount of accumu-
lated residual strain for laminates of the same prepreg
type with different thicknesses, for UTS laminates,
the thinner laminate exhibits a higher residual strain
than the thicker laminate, and for HSC laminates the
opposite occurs — the thicker laminate has a higher
residual strain compared to the thinner one, for 15°
and 30° off-axis angles, whereas for 45° off-axis
angle, the thicker composite exhibits a higher resid-
ual strain than the thinner laminate, for both UTS
and HSC composites. Although a thickness effect on
the residual strain with complete unloading might
exist, no clear conclusion can be drawn for the tested
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laminates, and additional testing at different angles
and thicknesses would be required to observe a rel-
evant trend.

5.2. Damage variable evaluation

For the estimation of the damage variable, the three
methods mentioned in Section 4 were used. Examples
of the results following the application of the three
methods for the same individual sample are given in
Figure 7. For all three examples, it is observed that
Ladeveze’s method gives overall higher damage vari-
able values, with an almost linear increase with ap-
plied stress level. The damage variables calculated
based on the Fitoussi and regression model have
lower values, closer to each other for the first cycles.
This outcome was expected, as Ladevéze’s method
considers the unloading chord modulus of the cycle,
which is lower in value than the modulus given by
the loading curve of the cycle, considered in the other
two methods.

It is also observed that for some cycles, the damage
variable evaluated with Fitoussi’s method or the

regression method presents negative values. While
the damage parameter accounts for stiffness loss due
to internal damage, we consider that the negative
values do not retain any physical meaning, as dam-
age growth is an irreversible phenomenon [35, 50].
Therefore, the negative values of the damage vari-
able represent a procedural error of the employed
methods for evaluating the cycle modulus. Due to
the cycle hysteresis loop, as well as to noise in the
data for the first two cycles, the modulus extracted
with Fitoussi’s method and the regression model has
a close value or even higher than the modulus ex-
tracted from the 1st cycle in some cases. This leads
to negative values of the damage variable or lower
values compared to previous cycles when employing
Equation (1). Thus, the damage variable growth with
increasing stress does not have a smooth evolution
for the Fitoussi and regression model, as it has for
the Ladevéze method, with the regression model
having the most irregular progression. Although
Eliopoulos and Philippidis [44] also employed a lin-
ear regression for each stress—strain loop to extract
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Figure 7. Application of Ladeveze, regression, and Fitoussi methods to evaluate the damage variable from 15° off-axis cyclic
load-unload tensile test; a) UTS17 — sample 1; b) HSC4 — sample 2; ¢) H2 — sample 1.
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the cycle modulus of [+45]s GFRP composites, they
did not report a higher modulus evaluation for sub-
sequent cycles.

Figure 8 shows the average damage variable estimat-
ed using all three methods, for all off-axis angle/ma-
terial configurations, with error bars as half of the
measuring range. It can be observed that for all oft-
axis angles, the Ladeveze method gives the highest
value for the damage variable, with a smooth in-
crease with increasing applied stress. Based on the
Fitoussi and regression methods, the average dam-
age variables have lower values compared to the
Ladevéze method, and they are closer together in the
first cycles, as previously mentioned, for the analysis
of the results on an individual sample.

The evolution of the damage variable estimated
using the regression and Fitoussi methods is
smoother at 45° off-axis angle, pointing to a poten-
tial influence of the hysteresis loop width on the
cycle elastic modulus extraction.

There are high error bars in all results of all three
methods. This suggests that despite similar cycle-
load-unload stress-strain responses between samples
of the same configuration, there is a difference in
stiffness reduction with increasing applied stress.
Even though samples are of the same configuration,
they might still exhibit slight variations in terms of
material properties, imperfections, defects such as
voids, or local variations in microstructure. These lo-
calized internal differences between samples could
lead to early fiber/matrix interface debonding and
matrix microcracks, which could lead to a loss in
stiffness. A higher error bar is reported in the regres-
sion method as compared with the other two, and the
damage variable changes at an irregular rate when
stress levels increase.

Given that both the Fitoussi method and the regres-
sion method share the same fundamental approach
to estimating the initial modulus, albeit with distinct
data bounds for linear regression, it becomes evident
that as the cycles progress, especially in the later cy-
cles where the hysteresis loop widens, and lower off-
axis angles (see Figure 4), the selection of data
points for cycle modulus estimation becomes a crit-
ical factor. Figure 9 shows an example of elastic
modulus extraction from the reloading curve of the
5t cycle of a UTS13 sample tested at a 15° off-axis
angle, providing both the coefficient of correlation
R? and the resultant modulus from the linear fit using
the selected data. Applying Fitoussi’s method with
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specified data bounds (Figure 9b) yields a strong
correlation with R? = 0.9995 and an apparent modu-
lus Ex = 34.78 GPa.

Meanwhile, implementing the regression method on
the same reloading curve (Figure 9c) also yields a
correlation coefficient of R? = 0.9995, but with a dif-
ferent data selection closer to the start of the reload-
ing curve, resulting in a higher apparent modulus
E,=35.54 GPa.

Given the initial modulus for this sample (Ey=
37.70 GPa) Equation (1) calculates a damage vari-
able of 0.07 with Fitoussi’s method and 0.05 with
the regression method.

Moving on to the 6" cycle of the same sample,
Fitoussi’s method yields an apparent modulus of
33.05 GPa with R* = 0.9992, while the regression
method provides an apparent modulus of 35.24 GPa
with R? = 0.9998, thus an even greater difference.
Although the correlation coefficients remain highly
favorable for both methods, the distinction in the
data points selected for extraction, specifically the
inclusion of experimental points closer to the start
of the reloading curve, significantly impacts the
modulus value and, subsequently the damage vari-
able value. When comparing the modulus extracted
using the Fitoussi and the regression models for all
tested samples, percentage differences up to 24% are
observed between the values obtained from both ap-
proaches.

Thus, one contributing factor to potentially incon-
sistent results with the regression method is the
lower limit imposed for initiating the analysis. In this
specific case, an inferior strain limit of 10~ above
the first strain value of the reloading curve was es-
tablished to exclude just the initial few points of the
reloading curve, aiming to prevent additional errors
induced by potential instability at the start of the re-
loading curve. This approach avoids introducing in-
stability-associated errors, as no recovery time is
mandated in the cyclic test following unloading.
When applying the same lower strain limits to the
regression method as used in Fitoussi’s method, the
same results are obtained for the 5" cycle with both
methods. However, for the 6 cycle, the regression
method chooses a distinct and shorter dataset, result-
ing in a stronger correlation and a higher cycle mod-
ulus compared to the Fitoussi method.

While effective in extracting the apparent elastic
modulus in the case of nonlinear stress-strain curves
from off-axis tensile testing [12], the influence of the
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Figure 9. Example of elastic modulus evaluation from the reloading curve; a) cyclic load-unload stress-strain curve for
UTS13 sample, 15° off-axis angle; b) elastic modulus evaluation from the reloading curve of the 5% cycle with the
Fitoussi method; ¢) elastic modulus evaluation from the reloading curve of the 5% cycle with the regression method.

chosen inferior limit for employing the regression
method on the results highlights a need for a standard-
ized method to evaluate the cycle apparent modulus
for composite materials, for low cycle numbers (not
fatigue analysis) and increasing cycle amplitude tests.
In Figure 10, a comparison of the average damage
variables evolution with total strain, obtained from
different off-axis angles, is presented. The total strain
was chosen for the x-axis of this plot because of the
different stress levels imposed for the cycles for the
different off-axis angles. The damage variables esti-
mated using Ladevéze’s method are shown in the
first column, in the second column the damage vari-
ables estimated using Fitoussi’s method are shown,
and in the third column, the damage variables calcu-
lated using the regression model are illustrated.

For all materials, it can be observed that the regres-
sion method offers inconclusive results, with an er-
ratic variation of the damage variable with the total
strain. By analyzing the evolution with the total strain
of the damage variable estimated using Ladeveze’s
method, for 15° and 30° off-axis angles, the damage
variable evolutions are similar, almost linear, with a
difference in value for most materials. For Fitoussi’s
method, the damage variables for 15° and 30° off-
axis angles are almost coincident for HSC3 and
HSC4, and for other materials, the variation has a
similar shape, with a difference in the estimated val-
ues. After the second cycle, the evolution of the dam-
age variable is almost linear. It can also be observed
that using Ladeveéze’s method, for HSC3 and HSC4,
the damage variable in the 15° off-axis angle case is
the highest, while for UTS13 and UTS17 the highest
values are found for the 30° off-axis angle. H1 fol-
lows the trend of UTS laminates while H2 shows
close results for both angles. By using Fitoussi’s
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method, this observation is valid for UTS17, H1, and
H2, while for HSC3, HSC4, and UTS13, the results
are reversed.

For the 45° off-axis angle, the values of the damage
variable are lower compared to other angles, regard-
less of the method used for extracting the values, ex-
cept for H1 for which the lowest values are found
for the 15° off-axis angle (by using the regression or
Fitoussi’s method), but with large error bars, imply-
ing that the presence of unaccounted-for microstruc-
tural variations and internal defects among samples
likely influenced the final results for this specific
case. When loaded at a 45° off-axis angle, fiber-ma-
trix interfaces are the most loaded, leading to fiber-
matrix interface debonding at lower stresses [51],
compared to the other angles. Furthermore, interface
debonding primarily affects the composite’s ability
to carry transverse loads, with a more pronounced
negative impact at the 45° off-axis angle than at
lower off-axis angles. Consequently, at the 45°
angle, damage accumulation is constrained as the ul-
timate failure of the matrix promptly follows inter-
face debonding. Thus, in the 45° off-axis angle case,
the unidirectional composite is capable of sustaining
a comparably larger loss in modulus and accumula-
tion of residual strain before final failure. Therefore,
the damage variable estimation is influenced by the
off-axis angle.

A comparison of the damage variables of all material
types at the same off-axis angle, using all three meth-
ods, is given in Figure 11, with columns representing
off-axis angles and the rows the method employed.
Again, due to the unpredictable evolution of the
damage variable extracted using the regression
method, the results are inconclusive, with negative
values for some materials and high error bars.
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Figure 10. Comparison of average damage variables estimated using Ladeveze, Fitoussi, and regression methods at different
off-axis angles with columns representing the method employed and the rows the laminate configuration.

55



M. Casapu et al. — Express Polymer Letters Vol. 18, No.1 (2024) 41-60

15° load-unload tensile test — 30° load-unload tensile test — 45° load-unload tensile test —
damage variable — Ladeveéze damage variable — Ladeveéze damage variable — Ladeveéze
o 0.35 —&—UTS13 o —&— UTS13 o 0.25 —— UTS13
5 0.30f - UTS17 5 0351 - UTS17 S o |—#FUTS17
= o251 HSC3 ‘= 0.30} % HSC3 = : —&#- HSC3
g U4 5 Hsc4 S 55| —#Hsc4 S 45| FHsC4
o 020} & H1 o ™ —&— H1 g O & H1
® @ 0.20f —=— H2 @ ——H2
e 0.15 = e 0.10
S 0.10 g 0.15 s
o o 0.10 o 0.05
& 0051+ & 0.05 &
g 0.00 {5 g 0.00 g 0.00
-0.05 -0.05 -0.05
60 80 100 120 140 160 180 200 220 20 30 40 50 60 70 80 90 100
Stress [MPa] Stress [MPa] Stress [MPa]
15° load-unload tensile test — 30° load-unload tensile test — 45° load-unload tensile test —
damage variable — Fitoussi damage variable — Fitoussi damage variable — Fitoussi
0.30 0.14
o —&— UTS13 Q@ —— UTS13
§ 025} =% UTS17 S 012} UTS17
5 —#- HSC3 & o010} F HSC3
> 0.20f —&- HSC4 > — HSC4
g —&— H1 S 0.08 f—&#H1
c 0.15 © —a—H2
E 010 E 0.06
E ' E 0.04
? 0.05 ? 0.02
3 000 = 2 000
-0.25 -0.05 -0.02 -
60 80 100 120 140 160 180 200 220 20 40 60 80 100 120 10 20 30 40 50 60 70
Stress [MPa] Stress [MPa] Stress [MPa]
15° load-unload tensile test — 30° load-unload tensile test — 45° load-unload tensile test —
o1 damage variable — Regression 0.95 damage variable — Regression damage variable — Regression
o o —&— UTS13 Q@ 0.12 —& UTS13
8 010 5 020} = UTS17 S 010 = UTS17
5 5 —i- HSC3 & 008| F HSC3
> 505 > 0.15} % HSC4 s Y —&— HSC4
IO g —&— H1 8 0.06 [—FH1
g & 0.10} —a— Hp g e 2
5 000 & 0.05 £ 0.04
© © . ©
%_0_10 2 000 o 0.02
I © o 0.00
0-0.15 o o
-0.05 —
2 z 2002
-0.20 -0.10 -0.04
60 80 100 120 140 160 180 200 220 20 40 60 80 100 120 10 20 30 40 50 60 70
Stress [MPa] Stress [MPa] Stress [MPa]

Figure 11. Comparison of the average damage variables estimated using Ladeveze, Fitoussi, and regression methods for the
different laminates at the same off-axis angle, with columns representing off-axis angles and the rows the method
employed.

For the other two methods, it is clear that the hybrid — damage variable with a higher slope compared to hy-
laminates, H1 and H2, have the lowest damage vari-  brid laminates.

ables for all off-axis angles. The damage variable in- By coupling these observations with the ones for the
creases with increasing maximum stress of the cycle  evolution of the residual stress, illustrated in Figure 6,
and is closer to a linear evolution for the hybrid lam-  an explanation can be drawn for the off-axis re-
inates, as opposed to the reference laminates for sponse comparison from a previous study [12], where
which the damage variable has a sharper increase to-  hybrid laminates exhibited a higher stress level at the
wards the last cycles. Moreover, it can be observed same strain compared to reference laminates, in the
that for the 15° off-axis angle, the HSC3 and UTS  non-linear response region. UTS laminates exhibit
laminates have similar damage variables, and starting  both the highest residual strain and damage variable,
with a stress level of 140 MPa, the damage variables  thus, with increasing stress levels, the nonlinear re-
of UTS13 and UTS17 diverge from the original path,  sponse is more pronounced due to internal damage
having higher values than HSC3. For 30° off-axis an-  and plasticity of the matrix. HSC laminates do not
gles, the damage variable evolutions are almost par-  have such a strong nonlinear off-axis response as
allel to each other, with UTS laminates having the = UTS laminates, and their residual strains and damage
highest values. In the case of 45° off-axis angles, the  variables are also lower compared to UTS laminates.
reference laminates present a linear variation of the By combining these two types of plies into H1 and
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H2 hybrid configurations, lower residual strains and
damage variables are obtained for all off-axis angles,
compared to UTS and HSC laminates. Therefore,
with less internal damage and plasticity of the ma-
trix, the hybrid configurations show a strain harden-
ing in the off-axis response, reaching a higher stress
level at the same strain for all off-axis angles, com-
pared to reference laminates. Thus, a positive hybrid
effect is obtained.

5. Conclusions

In this study, we employed the ply-level hybridiza-
tion technique to achieve a combination of different
ply thicknesses and material quality within the same
laminate. Cyclic load-unload off-axis testing was
performed to investigate the cause of the nonlinear
response of the studied laminates, and was conclud-
ed that the nonlinearity is caused by a combination
of internal damage and residual strain. The evolution
of the damage variable and the accumulated residual
strain were quantified by analyzing the incremental
loading/unloading stress-strain response of the tested
samples.

Overall, UTS laminates have the highest residual
strains in all test cases, suggesting that the matrix in
UTS prepreg has an inherent higher plasticity char-
acteristic compared to HSC laminates, while the hy-
brid laminates have the smallest residual strains of
all materials. The residual strain rapidly accumu-
lates with increasing cycle number and cycle stress
level for 15° and 30° off-axis angle, while for 45°
off-axis angle, an almost linear evolution of the resid-
ual strain with total strain was noticed, suggesting
an influence of the off-axis angle on the residual
strain. Although a thickness effect on the residual
strain with complete unloading might exist, no clear
conclusion can be drawn for the tested laminates,
and additional testing at different angles and thick-
nesses would be required to observe a relevant trend.
Three methods were employed to extract the cycle
modulus to determine the damage variable: Ladevéze,
Fitoussi, and regression. Ladeveze’s method gives a
higher damage variable, but when selecting the chord
modulus for stiffness loss evaluation, there’s a poten-
tial for overestimating the loss. Among the three
methods, the regression method was found to yield
inconclusive results, as the damage variable changes
at an irregular rate when stress levels increase, giving
also negative values and large error bars. However,
it was noticed that the selection of the starting data

57

point for the application of the regression method in-
fluences the results. Moreover, the data points for es-
timating the elastic modulus from the loading curve
can yield discrepancies in the values of the modulus.
When comparing results using the Fitoussi method
and the regression method for the same loading
curves, percentage differences of up to 24% in mod-
ulus values were identified between these methods.
Therefore, there’s a requirement to establish a stan-
dardized strain threshold that avoids potential errors
introduced during the initial phase of the reloading
curve, all while accounting for potential strain hard-
ening/softening due to load-unload cycles. Such
standardization could lead to reliable results from the
regression method.

An influence of the off-axis angle on the damage ac-
cumulation was noticed as well, and it was attributed
to the different fracture modes between 15°-30 °off-
axis samples and 45° off-axis samples.

In terms of hybridization effects, it was noticed that
the hybrid configurations exhibit lower residual
strains and damage variables for all off-axis angles,
compared to reference UTS and HSC laminates,
leading to a positive hybrid effect. With less internal
damage and plasticity of the matrix, the hybrid con-
figurations show a strain hardening in the off-axis
response compared to reference ones, being able to
reach higher stress levels at the same strain.

The findings of this study also lay the groundwork
for defining damage and plasticity parameters essen-
tial for predictive tools concerning the off-axis non-
linear behavior of fiber-reinforced composite mate-
rials. By integrating the damage variable results
obtained through these methods into such a predictive
tool, a feasible approach emerges for comparing out-
comes and assessing which method offers a more
precise representation of nonlinear behavior evolu-
tion and, consequently more accurate damage param-
eters. This objective stands at the forefront of future
research efforts.
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