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Abstract: Composite materials, among them Carbon Fiber Reinforced Polymers (CFRP), have become
a key material in structural applications for lightweight structures such as spacecraft and aircrafft.
CFRP can be found under various quality grades and their mechanical performances increase with
their cost and quality grade. In order to limit the costs of the material without degrading technical
performances, hybridization could be of interest. However, assessing the conservation of quality
standards of hybridized CFRP is crucial. This paper investigates the off-axis mechanical response of
ply-level hybrid carbon composites, with varying thickness and material quality. Two types of carbon
fiber prepregs were combined in the same laminate using symmetric and asymmetric stacking
sequences. Monotonic quasi-static off-axis tests were performed to evaluate the non-linear stress-strain
behavior of the laminates, with Digital Image Correlation used to measure strain. The apparent elastic
modulus and the in-plane shear modulus were evaluated from the tensile tests at three off-axis angles.
The results indicate that the hybrid laminates exhibit higher failure stress levels compared to simple
laminates, with an intermediate failure strain. Overall, this study provides insights into the off-axis
mechanical behavior of ply-level hybrid carbon fiber composites, with potential applications in the
design of composite structures.
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1. INTRODUCTION

Composite materials, particularly Carbon Fiber Reinforced Polymers (CFRP), have emerged
as a fundamental material in lightweight structural applications, including spacecraft and
aircraft. CFRP is available in different grades, with its mechanical properties improving in
tandem with higher cost and quality grades [1]. In order to mitigate costs or reduce the carbon
footprint of materials while maintaining technical performance, the concept of hybridization
has earned significant attention [2]-[4]. However, it is imperative to evaluate the preservation
of quality standards when employing hybridized CFRP materials.

INCAS BULLETIN, Volume 15, Issue 3/ 2023, pp. 31 — 46 (P) ISSN 2066-8201, (E) ISSN 2247-4528


mailto:maria.demsa@mta.ro
http://creativecommons.org/licenses/by-nc-nd/4.0/

Maria CASAPU, Michel ARRIGONI, Ion FUIOREA 32

The off-axis tensile test has received significant attention in characterizing the CFRP
behavior and verifying the applicability of tensor transformation equations for elastic
properties [5], [6]. It provides a convenient approach for estimating in-plane shear properties
without requiring specialized fixtures or dedicated composite samples [7]-[10]. Additionally,
the test allows for evaluating the strength properties of the composite in different in-plane
loading directions, offering valuable insights for design, optimization, and informed decision-
making.

Unidirectional (UD) fiber-reinforced composites exhibit anisotropic off-axis mechanical
properties due to variations in fiber orientation relative to the loading axis. The axial stress-
strain curves of these composites often display non-linear behavior, with the degree of non-
linearity influenced by the off-axis angle. Hahn et al. [11] demonstrated the impact of
nonlinear constituent laminae on the behavior of laminates through experiments and analytical
models. Ogihara et al. [12] investigated the off-axis tensile response of T300/2500 carbon/
epoxy composites, observing apparent softening nonlinearity in the off-axis specimens. Cai et
al. [13] examined the off-axis tension behavior of woven glass/epoxy composites and reported
a non-linear stress-strain relationship with decreasing elastic moduli as the off-axis angle
increased. Ma et al. [14] studied the off-axis behavior of PEEK/AS4 UD thermoplastic
composites, finding a linear-elastic relationship during the initial stage and non-linear behavior
during the strain-hardening phase.

Various standardized methods exist for characterizing the shear behavior of UD
composite materials. ASTM D4255/D4255M [15] and ASTM D5379/D5379M [16], also
known as losipescu test [17], require specialized fixtures and specific sample shapes ASTM
D3518/D3518M [18], involves a £45° cross-ply laminate that is symmetrically about its
midplane. The off-axis tensile test, though lacking standardization, has gained interest for
shear properties characterization. Chamis et al [9] studied the 10° off-axis test and
recommended it for shear characterization. Pindera et al. [7] conducted a study on seven off-
axis configurations and found that shear stress induced by end constraints affects the
determination of intralaminar shear modulus G,, necessitating a correction factor for off-axis
angles lower than 30°. They concluded that the 45° specimen is ideal for accurately
determining G1,. In a later study [8], Pindera et al. compared the off-axis test with the losipescu
test. The 45° off-axis test was recommended for intralaminar shear modulus and the 0°
Iosipescu test for shear strength.

DIC has been increasingly used in recent years to measure strain fields during off-axis
tensile testing. Merzkirch and Foecke [19] employed DIC strain mapping to analyze the
deformation response of CFRP-UD coupon specimens under a 10° off-axis test for shear
response analysis. Goidescu et al. [20] conducted an experimental investigation combining
full-field measurements, including kinematic (using DIC), thermal, and densimetric
measurements, to analyze damage growth in carbon-epoxy laminates subjected to axis and off-
axis tensile monotonic tests, and Ma et al. [ 14] utilized DIC to analyze displacement and strain
fields obtained from tests conducted at different off-axis angles. These studies demonstrate the
effectiveness of DIC as a robust optical technique for non-contact, full-field measurements.

In our previous work [21], we employed the ply-level hybridization technique and we
conducted a preliminary mechanical characterization study of the hybrid and reference
materials, examining their density, fiber volume fraction, void content, internal structure, and
mechanical response under quasi-static loading in both the fiber and perpendicular directions.

The objectives of this paper are: 1) to complete the mechanical characterization of the UD
ply-level hybrid materials; 2) to assess the effects of the hybridization on the off-axis and shear
response of carbon fiber UD composite, in comparison to the response of manufactured
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reference laminates; 3) to assess the quality of hybridized materials with respect to the
reference, in order to validate hybridization that is of interest from an economical point of
view. The experimental finding of this work should bring a better mechanical description of
hybridized materials that could be implemented for the description of a numeric twin in
predictive tools, for modeling under a variety of mechanical loadings.

Thus, UD carbon fiber prepregs of two quality grades were used to investigate their
hybridization and anisotropic response. Hybrid and non-hybrid materials were subjected to
off-axis tension testing for three different fiber orientations: 15°, 30°, and 45°, using the DIC
technique for strain measurements. However, due to the asymmetric nature of one of the
materials the £45° test is not suitable for shear characterization. Therefore, following the work
of Pindera [7], [8], the 45° off-axis test was chosen to determine the in-plane shear modulus
G1;. The reliability of the off-axis test in determining shear strength was assessed by
experimentally evaluating the shear strength for all off-axis tests. A theoretical approximation
of shear strength was obtained by fitting the experimental off-axis strength data to the Tsai-
Hill failure criterion for uniaxial off-axis strength [6].

2. MATERIALS AND METHODS
2.1 Materials

The materials studied in this work are unidirectional carbon fiber-reinforced composites (UD
CFRP). Two prepregs of different qualities were used to manufacture the composite laminates,
HSC-500-DT102S-40EF and UTS-150-DT120-32F, which will be referred to as HSC and
UTS prepregs, respectively. Both epoxy matrix systems used in this study are manufactured
by DeltaTech® and have a medium-temperature curing process. DT102S is a thermosetting
epoxy, while DT120 is a toughened thermosetting epoxy with high impact strength. The major
difference in the quality of the prepregs relies on the fact that the UTS prepreg has a
standardized fiber, with well-known mechanical properties, while for the HSC prepreg, the
fiber is not standardized, therefore only the minimum potential values of its mechanical
properties are given by the manufacturer. This also affects the cost/areal weight of the
prepregs. Both prepregs are produced by DeltaTech® and all laminates were manufactured by
Belcoavia S.R.L in Romania.

Figure 1. Cross-section views of the materials in this study obtained using a a Keyence VHX-5000 series digital
microscope; a) UTS13; b) UTS17; ¢) H2; d) HSC3; e) HSC4; f) H1

Six laminate types were manufactured, four using a single type of prepreg, while the
remaining two employed a combination of HSC and UTS plies to create a ply-level hybrid
composite. The hybridization involved variations in ply thickness and material type for the
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purpose of cost reduction. Stacking sequences were selected for the hybrid laminates, denoted
as H1 and H2, and their areal mass was estimated based on prepreg data. The number of plies
for the UTS prepreg laminates was determined to ensure similar areal mass and laminate
thickness as H1 and H2 samples. Thus, UTS laminates were produced using 13 and 17 plies,
identified as UTS13 and UTS17, respectively. For the HSC prepreg laminates, the number of
HSC plies used in each type of hybrid laminate was chosen to manufacture HSC laminates, to
determine whether the addition of two UTS plies would result in a difference in mechanical
behavior. The HSC laminates were manufactured using 3 and 4 plies, and are referred to as
HSC3 and HSC4, respectively. The six laminates are described in Table 1 and cross-sections
are shown in Figure 1. The laminate thickness was measured for several samples of each
material and the uncertainties are half the range between the maximum and minimum value.
All laminate panels were cured in an autoclave, according to the manufacturer's specifications.

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

Estimated | Cost/ Densit Fiber
. Thickness areal fiber enSIY | volume
Name Stacking sequence [g/cm3] .
[mm] mass areal 21] fraction
[g/m?] weight* [%][21]
o 2499 + 1.483 +
HSC3 HSC[0°]3 1.69+0.02 162 1 0.005 49.84
o 3332+ 1.483 £
HSC4 HSC[0°]4 2.24+0.03 216 1 0.005 49.31
o 2860 + 1.497 +
UTSI13 UTS[0°]13 2.1+£0.05 169 1.4 0.009 54.46
o 3740 + 1.490 +
UTS17 UTS[0°]17 2.7+£0.04 21 1.6 0.004 53.67
2HSC+1UTS+1HS 2939 + 1.478 +
H1 CHIUTS[0°] 2.19+0.03 164 1.1 0.007 50.32
HSC+UTS+2HSC+ 3772 + 1.499 +
H2 UTS+HSC [0°] 2.7+0.01 18 1.2 0.011 52.14

*Normalized to the cost/fiber areal weight of HSC laminates
2.2 Experimental setup

Quasi-static tension tests are performed to determine the off-axis response of the UD laminates
for three different fiber orientations: 15° 30°, and 45°. Guidelines from EN ISO 527-5 [22]
standard were followed to conduct these tests. All mechanical tests were carried out at ambient
temperature (20° C) and controlled in displacement at 1 mm/min, giving an approximate strain
rate of 10 1/s. An electromechanical testing machine INSTRON® 5960, with a load cell of
50 kN and wedge grips was used for all tensile tests.

As in our previous study [21], GOM Aramis® 5M was used for DIC measurements, post-
processing, and extraction of the strain values. The software package (ARAMIS Version 6.3)
is designed to run the GOM sensor and controller, create the project files, process the recorded
images, compute results, and perform the post-processing for data extraction.

The GOM ARAMIS 5M sensor consists of two CCD cameras with a resolution of 2448
pixels x 2050 pixels. Lenses with a focal distance of 50 mm and no zoom were used. The
calibration of the system was performed using a QCG 2045 32 mm x 24 mm calibration cube
and instructions from the user manual. The images were acquired at a speed of 1 image per
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second. The tensile force from the tensile machine was imported via the A/D input of the
sensor controller for a better correlation of the force and corresponding displacement.

The DIC analysis requires a high-contrast stochastic pattern on the investigated sample.
A reference image of the undeformed sample is recorded before the test, and sequential images
of the deformed sample are recorded during the tensile test. In the post processing step, an
analysis based on tracking the unique surface patterns is made using the ARAMIS V6.3
software, to provide a progressive measurement of surface deformation. For DIC processing,
a subset size of 19 x 19 pixels with a step size of 10 pixels, and an overlap area of 9 pixels was
used. In standard conditions, the standard deviation for in-plane displacements is up to 0,4 pm,
based on the user manual of the system. After calibrating the GOM system, out of the 150 mm
of the sample’s gauge length, only 75mm were in the field of view of the camera system.

2.3 Sample preparation

Because the materials were provided in two different batches, a year apart, they were cut using
methods available at those specific times. Thus, H1 samples were provided first and were cut
using a milling machine at the manufacturer’s facility, and all other laminates were cut using
water-jet cutting at Université de Bretagne Occidentale in Brest, France. In all cases, sample
edges were controlled by visual checking so that they did not exhibit any visible asperities that
could influence the tests. Aluminum end tabs were used to reduce the gripping effects and
were bonded with Araldite 420 A/B Epoxy Adhesive System. For H1, 2 mm thick aluminum

tabs were used, while for all other materials, tabs of 1.5 mm in thickness were applied.

Aluminum CFRP
-

end-tabs sample ; 3 1
| |

¢ o |
a) // / 5
50
b) Tz‘.—. e | 'tAL

Figure 2. Samples dimensions in mm; a) top view of sample b) side view of sample; t — thickness of the sample,
tAL — thickness of aluminum tabs , according to EN ISO 527-5 [22] standard

The speckle pattern for DIC measurement was obtained by first painting the specimen
with a matte white spray paint that was applied directly onto the specimen. After drying, matte
black spray paint was applied by intended overspray to create a random pattern.

In Figure 2, the nominal dimensions of the samples are presented, with the corresponding
axis systems: x — the load direction, y- transverse direction, 1 — fiber direction, 2 — transverse
to the fiber direction, and 8 — off-axis angle. A minimum of three samples were tested for each
configuration, and for H1 material, six samples were tested due to availability of the material
at the time of the experimental campaign. For HSC4, the Aramis project file for two 15° tests
was corrupted when transferring to a different hard-drive and the project file could not be
opened to perform the DIC analysis and retrieve the strain data, therefore data for only one
test is available.

3. THEORY AND CALCULATION
3.1 DIC Data processing

DIC data were used for establishing the evolution of stress versus strain. A successive linear
regression procedure was employed to select the linear stress-strain data at the origin, from
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which the apparent modulus E, are estimated. The schematic diagram of this method is
detailed in Figure 3. The proposed method uses successive least-squares linear regressions. An
initial regression is calculated using the first set of experimental points. Thereafter, the next
regressions are calculated after adding additional experimental points to the initial dataset. For
each regression, the coefficient of determination R? is calculated. R? is a measurement of the
correlation between a fitted model and the experiment data points. A value of 1 is an indication
that the regression model fits perfectly the dataset. In the proposed procedure, the number of
points from the dataset for which the regression has the maximum R? is saved and another
potential maximum R? is searched in the vicinity, by adding or subtracting one data point. The
apparent modulus is extracted as the slope of the linear fit for the stress-strain data points for
which the regression had a maximum R?.

set initial number of points to

avoid having R2=1 from 2-3
points that form a perfect line

leqay-€()
& [0[1),...0(‘}]

Least squares

linear regression

Truncate stress-strain
data to have i points

add additional j
experimental EB

points
R? < 0.99*max(R?)

YES

Break condition to optimize the time
in case of high non-linear response
and extensive number of points

. - . Truncate
Search in the vicinity (] points) Update max(R2) experimental Get Ey and v,
for another potential max(RZ) andi data to i points i

Figure 3. Flowchart of the successive linear regression procedure on stress-strain relations obtained from
experimental data extracted with DIC

NO

Select max(Rz) and

corresponding i

Before employing the successive linear regression procedure, all stress-strain curves were
smoothed using the ‘Smooth’ function in MATLAB® with the ‘Lowess’ method to minimize
the influence of minor variations in the stress-strain data on the successive linear fits [23].
Furthermore, to avoid any influence of signal noise at the beginning of the tensile test due to
grip/sample alignment on the extraction process, the stress-strain data up to a strain value of
5.10"* was not considered.

3.2 Shear characterization

The in-plane shear modulus is evaluated from 15°, 30°, and 45° off-axis tests, for comparison
purposes. For calculations in which the in-plane shear modulus is required, the value extracted
from the 45° off-axis test is used, based on recommendations of Pindera et al. [7], [8].

The Tsai-Hill failure criterion for uniaxial off-axis strength [6] is used to obtain an
approximate shear strength. The Tsai-Hill failure criterion is detailed in equation (1), in which
6 is the off-axis angle, X is the failure stress in the fiber direction, Y is the failure stress in the
direction perpendicular to the fiber, and S represents the shear failure stress or shear strength.
The shear strength S is adjusted so that the failure stress prediction using the Tsai-Hill criterion
fits the off-axis experimental data for failure stress.

cos*6 11 1 oy sinfg 1
T-l'[s—z—ﬁ cos“ @sin“ 0 + Y2 =O'_£x (1)

The shear stress in a composite ply with fibers oriented at an angle 6 relative to the

direction of the load can be evaluated by using a coordinate transformation. The simplified
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equation (2) can be used in which the end-constraint effects are ignored [7]. The in-plane shear
strain can be evaluated based on the structural-axes strains using equation (3) [9].

In equations (1), (2), and (3), the notations are as follows: x and y are the structural
directions, with x in the loading direction; 1 and 2 are the axes of the composite coordinate
system, with 1 in the fiber direction. The layout of the off-axis specimens and used coordinate
systems are detailed in Figure 2.

Tiz = —0yy " COSH -sinf )

V12 = (syy - sxx) sin 26 + yy,, cos 26 3)

The in-plane shear modulus G, is determined from the slope of the tangent to the shear
stress-shear strain plot, in the linear response region, with the successive linear regression
method that was previously described.

3.3 Transverse isotropy

If the composite is transversely isotropic and the in-plane elastic properties are known, the off-
axis apparent elastic modulus E, can be predicted using the transformation equation (4). Thus,
based on the in-plane properties previously determined in [21] and the shear modulus
estimated in this work, a comparison of the experimental and theoretical apparent modulus is
performed.

1 2v12]

1
6. B sin? 0 cos? 8 + 0 sin* 6 4)

1 1
——cos49+[
2

Ex E

4. RESULTS AND DISCUSSIONS
4.1 Off-axis response

All testing configurations achieved good repeatability, with at least three tested samples,
allowing the selection of representative tests for visualization and qualitative comparisons. For
all tensile tests, no sliding was observed within the end-tabs during tensile testing.

4.1.1 15° off-axis test

Figure 4 illustrates stress-strain responses from 15° off-axis tests. All laminates demonstrate a
prominent non-linear stress-strain behavior, with the onset of non-linearity occurring around
110-120 MPa. Notably, the thickness of HSC3 and HSC4 laminates (1.69 mm and 2.24 mm,
respectively) does not seem to influence their stress-strain response (Figure 4a). Conversely,
UTS13 and UTS17 laminates, with respective thicknesses of 2.10 mm and 2.70 mm, exhibit a
slight disparity in stress levels within the non-linear range (Figure 4b), indicating strain
hardening in UTS17 compared to UTS13. Although void content could potentially affect the
strain hardening behavior by promoting localized deformation and internal failure, the
similarity in fiber and void content between UTS13 and UTS17 laminates [20] suggests that
these properties do not account for the observed difference in strain hardening. The influence
of laminate thickness on strain hardening behavior could be attributed to the potential for fiber-
dominated deformation mechanisms in thicker laminates, such as fiber sliding and
reorientation, which enhance strain hardening. However, this effect is not observed in the HSC
thin-thick laminate pair. Among the hybrid laminates, the thicker laminate H2 exhibits less
strain hardening compared to H1 (Figure 4c), indicating that laminate thickness may not play
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a significant role in strain hardening for the tested laminates. The difference in strain hardening
response between the hybrid laminates could be attributed, among other factors, to variations
in void content. Although the average void content is under 1%, the void content of H2 is
twelve times higher than that of H1 [20]. Figure 4d presents a comparison of the stress-strain
response under 15° off-axis tensile loading using representative tests for each material
configuration. While differences in the linear response regime are negligible, HSC laminates
exhibit greater strain hardening and lower failure strain compared to UTS laminates. Both
hybrid laminates reach higher stress levels than the simple laminates and demonstrate
intermediate failure strain. These distinct behaviors cannot be solely attributed to void content,
as H2 and UTS laminates have similar void content, indicating that ply-level hybridization
induces a strain-hardening effect.

250 Axial stress-strain for 15° tensile test HSC3 vs HSC4 250Axial stress-strain for 15° tensile test UTS13 vs UTS17

———HSC3-15-1
———HSC4-15-1

200 200

——UTS13-152
——UTS17-15-2

150 150

o, [MPa]
o, MPa]

100 100

50 50

a) b) )

0 0.002 0.004 0.006 0.008 0.01 0.012 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
€ £

250 Axial stress-strain for 15° tensile test H1 vs H2 260 Axial stress-strain for 15° tensile test

——H1-15-3

——H2-152

150 150

7, [MPa]
o, IMPa]

100 100

——UTS13-15-2
——UTS17-15:2
HSC3-15-1
50 50 ——HSC4-15-1
———H1-153
0 d) H2-152

0 0

0 0.002 0004 0006 0008 001 0.012 0014 0 0.002 0.004 0006 0.008 0.1 0.012 0.014 0.016
€ €
X x

Figure 4. Comparison of axial stress-strain response under 15° off-axis tensile test for representative samples of
each laminate configuration; at 1 mm/min, from DIC analysis, a) HSC3 vs HSC4; b) UTS13 vs UTS17; ¢) Hlvs
H2; d) Simple and hybrid configuration materials

Table 2 provides the average values of the apparent Young's modulus, failure stress, and
failure strain for all laminates, with uncertainties represented by half the measurement range.
Notably, there are discrepancies of up to 6 GPa among the average values of the apparent
modulus for different configurations. As expected, the UTS laminates exhibit the highest
apparent modulus, given their highest in-plane modulus E;; among all tested laminates [21].
This is due to the inherently higher elastic modulus of UTS carbon fibers compared to HSC
fibers. Additionally, Wang [24] demonstrated that the fiber volume fraction influences the
elastic modulus of UD composites. Therefore, variations in the elastic modulus can be
attributed to the differences in fiber volume fraction presented in Table 1. While it was
anticipated for HSC laminates to have the lowest apparent modulus, considering their lowest
in-plane modulus E;4 and fiber content [21], no clear trend is observed for HSC and hybrid
laminates. H1 exhibits the lowest average apparent modulus, while H2 falls between the
apparent modulus values of HSC3 and HSC4. The lower apparent modulus in hybrid laminates
could be attributed to a weaker interfacial bond between different plies, as a strong bond
enhances load transfer and contributes to a higher apparent modulus, while a weak or
incompatible interface can lead to stress concentration and reduced stiffness. Although the
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matrix system compatibility is not expected to be an issue, as the manufacturer states their
compatibility for curing together, further investigations are necessary to evaluate the bond
quality of the plies.

Table 2. Experimental results 15° off-axis tensile testing at 1 mm/min, deduced from DIC analysis.

Material UTS13 | UTS17 | HSC3 | HSC4 | HI H2
E, [GPa] 3942 | 40+£2 | 36+2 39 | 34+3 | 38+2
2122+

Failure Stress g, [MPa] | 199 +£1 | 200+ 11 | 204 £2 203 | 218+12 05

0.015+ | 0.012+ | 0.0100+ | 0.010 | 0.011+ | 0.0106+
0.001 0.002 0.0002 2 0.002 0.0005

Regarding the failure stress and failure strain, the UTS laminates exhibit the lowest
average failure stress and the highest failure strain, which is reflected in the stress-strain
behavior as an almost plateau response before failure. These laminates also show the most
pronounced non-linear behavior of all. As previously mentioned, UTS17 demonstrates strain
hardening in comparison to UTS13, with a similar average failure stress but a wider range of
measurements, potentially indicating higher failure stress. UTS13 exhibits a 16% higher
failure strain (including uncertainties). For HSC laminates, no significant difference is
observed between HSC3 and HSC4. Compared to UTS laminates, HSC laminates show a
slight increase in failure stress (approximately 2%) but a significant decrease in failure strain
(approximately 32% compared to UTS13). Among hybrid laminates, H1 has a higher average
failure stress than H2 (around 3% increase), but with higher uncertainty due to a larger number
of tested H1 samples, which may lead to premature failure due to local material defects.
Further analysis is needed to establish an appropriate criterion for assessing failure stress in
HI1 compared to H2. Nevertheless, even when considering the lowest failure stress values, both
hybrid configurations exhibit higher failure stress than UTS and HSC laminates. In terms of
average failure stress, H1 shows a 9% increase compared to UTS laminates and a 6% increase
compared to HSC laminates, while H2 has a lower percentage increase (6% compared to UTS
laminates and 4% compared to HSC laminates). Regarding average failure strain, the hybrid
laminates fall between the reference laminates, with an approximately 8% increase between
H1 and HSC4, a 4% increase between H2 and HSC4, and a decrease of 26% and 29% between
UTS13 and H1 and H2, respectively.

4.1.2 30° off-axis test

As for the 15° off-axis tensile test, a high non-linear stress-strain response is observed in for
all laminates during the 30° off-axis test, with the non-linear regime starting at a stress level
of 50-60 MPa, which is half of the stress level observed in the 15° off-axis tensile test. No
apparent thickness effect was observed for laminates made from the same material.

A comparison of the stress-strain response under 30° off-axis tensile loading using
representative tests for each material can be seen in Figure 6. The response in the linear regime
is similar across all laminates, while in the non-linear regime, UTS laminates exhibit a more
pronounced non-linear response than HSC laminates and hybrid configurations. Similar to the
15° off-axis test, hybrid laminates demonstrate strain hardening compared to reference
laminates, reaching higher stress levels at the same strain value.

Table 3 shows the average values of the extracted apparent Young’s modulus, failure
stress, and failure strain for all laminates during the 30° off-axis test, with uncertainties as half
the range of measurements. Differences between the average values of the apparent modulus

Failure strain &,
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of all material configurations do not exceed 1.5 GPa, representing a 10% increase in the
apparent elastic modulus for H2 (having the highest average apparent modulus) compared to
HSC3 (lowest average apparent modulus).

Table 3. Experimental results 30° off-axis tensile testing at | mm/min deduced from DIC analysis.

Material UTS13 | UTS17 HSC3 HSC4 H1 H2
15.3+ 14.8+ 154 +

E, [GPa] 0.2 151+£0.5 | 14+0.5 0.4 15+1 0.1
Failure Stress g, [MPa] | 101 £2 99 + 4 104+£2 | 103+1 | 1066 | 105+2
Failure strain & 0.019+ | 0.015+ | 0.0140+ | 0.013= | 0.012+ | 0.010+
* 0.003 0.003 0.001 0.003 0.002 | 0.004

For averaging the failure stress and strain, samples that failed prematurely compared to
were not taken into account. As for the 15° off-axis tensile test, the UTS laminates have the
lowest failure stress and the highest failure strain. HSC laminates have a higher failure stress
and lower strain compared to UTS laminates but when looking at the hybrid configurations,
they have the highest failure stress and lowest failure strain. There is no significant difference
between HSC3 and HSC4, and compared to UTS laminates, HSC laminates have a higher
failure stress with a percentage increase of approximately 2%. However, a percentage decrease
of approximately 32% was found between UTS13 (this laminate was chosen for reference as
it has the highest failure strain) and HSC laminates in terms of failure strain.
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Figure 5. Transverse strain field €, deduced from the Digital Image Correlation for H1-30-3 sample, under 30
off-axis tensile tests; before failure (left) and after failure (right)

Afier failure

By analyzing the strain distribution in the matrix direction 2 in Figure 5, computed by
rotating the original coordinate system at 30°, it can be observed by DIC that at the edge of
the sample, marked with a red circle, there is a strain in the matrix of 7.87% compared to a
strain of less than 1.5% in the rest of the sample. Comparing the position of the strain
concentration with the position of the failure in the other image, it was concluded that failure
started from the edge of the sample, with a matrix failure due to the high strain in the region.
It may be assumed that for the other samples, including for other off-axis angles, the failure
started in a similar manner. This finding is consistent with the work of Hu et al. [14], where
strain field analysis using DIC for the 45° specimens revealed the highest strain occurring at
the corner of the sample's edge.

4.1.3 45° off-axis test

Representative tests at 45° off-axis were selected for each material and comparisons are
illustrated in Figure 6. All material systems displayed a non-linear regime beginning at around
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30-40 MPa stress level, although this effect was less pronounced compared to the stress-strain
response for 15° and 30° off-axis angles. There was no apparent thickness effect observed for
UTS laminates and HSC laminates. The same strain hardening for the hybrid laminates
compared to the reference ones can be observed. Although the difference in the value of the
stress is not as high as for previously analyzed off-axis angles, the percentage increase in stress
level is still around 10%.

Table 5 provides the average values of the apparent Young's modulus, failure stress, and
failure strain for all laminates, with uncertainties as half the range of measurements. The
differences between the average values of the apparent modulus for all material configurations
were very small, with less than a 0.5 GPa difference. H2 had the highest apparent modulus,
while HSC3 had the lowest, with a percentage increase of approximately 3% instead of 10%.

Table 4. Experimental results 45° off-axis tensile testing at | mm/min from DIC.

Material UTS13 | UTS17 HSC3 HSC4 H1 H2
E, [GPa] 93+0.1 1 93+0.5|9.1£02 | 9.1+£0.1 | 92+0.2 | 94+04
Failure Stress g, [MPa] | 70 £3 72+£2 67+4 69+ 5 60+ 12 67 £2
Failure strain & 0.012+ | 0.013+ | 0.010% | 0.011= | 0.008+ | 0.009+
x 0.002 0.001 0.001 0.002 0.002 0.001

The differences in failure stress and failure strain are more noticeable, with UTS laminates
displaying the highest values and both hybrid laminates having the lowest average failure
stress and lowest failure strain. Although H1 and H2 reach higher stress levels compared to
HSC and UTS laminates for the same strain value in the non-linear response regime, the failure
stress is also the lowest due to a very low failure strain. Additionally, 45° off-axis samples
were more prone to fail near the grips than 15° and 30° off-axis samples, which could also
influence the values of failure parameters.

4.2 Stress to fiber orientation response

Since the stress-strain response of each specimen in the same test configuration fluctuated
slightly, for the sake of comparison of the results for various off-axis angles, only one
specimen in each loading condition was selected as representative, for a qualitative
comparison, shown in Figure 6. The on-axis stress-strain response is taken from our previous
work [21] and the response for the 0° test was truncated to have a clearer view of the response
at the other angles.

With decreasing off-axis angle, each material exhibits a higher degree of non-linear
response, which aligns with findings reported by Zhao et al. [25]. Additionally, there is an
evident decrease in the apparent elastic modulus as the off-axis angle increases. Moreover,
across all off-axis angles, the hybrid materials demonstrate higher stress levels at the same
strain value compared to materials composed solely of UTS or HSC plies within the non-linear
response region. Furthermore, the disparity in stress levels between the materials becomes
more pronounced with increasing non-linearity in the stress-strain response. This effect is
particularly noticeable in the 15° tensile test compared to the 45° tensile test.

The results of the apparent axial elastic moduli E, obtained from each off-axis angle are
summarized in Figure 7, using the average value for each test configuration. A significant
difference in the apparent elastic modulus can be observed depending on the off-axis angle.
Compared to the elastic modulus at 0° orientation, the apparent modulus at 45° and 90° is only
7.3-8% and 5.5-6.3% respectively. The percentage interval is calculated based on the
individual percentage for each material configuration. The measured moduli were compared
with the prediction based on the transformation relation in equation (4), using the elastic

INCAS BULLETIN, Volume 15, Issue 3/ 2023



Maria CASAPU, Michel ARRIGONI, Ion FUIOREA 42

properties along the principal material direction. The prediction aligns well with the
experimental results for all material configurations, with an overestimation of less than 12%
in the worst case. Hence, both the reference materials and the ply-level hybrid carbon

composite materials can be modeled as transversely isotropic systems.
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Figure 6. Stress-strain curves obtained by DIC of on and off-axis specimens at | mm/min
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Figure 7. Comparison of the apparent Young's modulus deduced from DIC (crosses) and calculated by the
transformation relation (4) for various off-axis angles; a) HSC3; b) HSC4; ¢) UTS13; d) UTS17; e) HI; f) H2

Regarding the failure stress, a significant reduction with increasing off-axis can be
observed in Figure 6 but the drop is illustrated better in Figure 8 in which the averaged axial
strength and strain for each test configuration are presented. The same trend was observed for
all laminate configurations. A sharp decline was observed when the off-axis angle increased
from 0° to 15°, with a decrease in strength around 86-89%, depending on the material. Between
the following consecutive off-axis angles, the decrease is not as significant as the first one,
with 51-55% from 15° to 30°, 27-43% from 30° to 45° and 36-53% from 45° to 90°, but still,
the lowest strength, for 8=90°, represents only 1.8-3% of the strength in 0°.
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Predictions of the failure stress were also made using the Tsai-Hill failure criterion for
uniaxial off-axis strength, detailed in equation (1). The predictions agree well with the
experimental data for the adjusted shear strength S of each material configuration. The S values
used for fitting the Tsai-Hill failure criterion to the experimental data are mentioned in the
figure’s caption.
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Figure 8. Failure stress at various off-axis angles, with predictions using Tsai-Hill criterion; a) HSC3 - S=55
MPa; b) HSC4 - S=56 MPa; ¢) UTS13 - S=55 MPa; d) UTS17 - S=53 MPa; ¢) H1 - S=65 MPa; f) H2 - S=57
MPa

4.3 In-plane shear properties results

Off-axis tensile test results were utilized to extract the shear stress-strain response and shear
modulus, as outlined in section 3. The calculated shear strain y;, based on equation (3),
extracted from the 45° off-axis test was also compared with the shear strain extracted directly
from the GOM Aramis® software after rotating the coordinate system with 45°, and a minor
difference between the two was observed. Thus, the shear strain calculated with equation (3)
was further used, regardless of the off-axis angle.

For the coordinate system used, shear strain values are negative. In all plots, the absolute
values of the shear strain are used. As both shear stress 7,, and shear strain y;, are extracted
from axial stress and strain using coordinate transformation equations, the shear stress-shear
strain curves for the tested samples of all materials have the same good reproducibility as for
the off-axis tensile test from which they were extracted. They also share the non-linear stress-
strain response.

The same observations made for the axial stress-strain response of corresponding tests are
applicable. In all cases, the hybrid laminates present a strain hardening in the nonlinear
response regime, which leads to higher shear stress levels at the same strain values compared
to reference materials.

The average values of the in-plane shear modulus extracted from all off-axis test types are
given in Table 5, with uncertainties as half the range of measurements. It can be observed that
for all materials, except H1, the shear modulus extracted from 15° and 30° are higher than the
ones extracted from the 45° off-axis test.
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A similar observation was also made by [7], but with a higher difference in the values of
the shear modulus extracted from different off-axis angles tests, and they concluded that the
45° off-axis test is the most reliable in estimating the in-plane shear modulus, as the effects of
end-constraints are minimized compared to other angles. For further calculations, the modulus
extracted from the 45° off-axis test will be used.

Table 5. Shear modulus Gi2 values from off-axis tensile testing

Material UTSI3 | UTSI7 | HSC3 | HSC4 | HI H2

R 342+ | 348+ | 340+ | 338+ | 349+ | 3.48+
Gy, from 45° [GPa] 0.04 0.22 0.05 0.02 004 | 0.17

356+ | 349+ | 322+ | 342+ | 346+ | 3.56+
0.01 0.07 0.12 0.09 021 | 0.02
374+ | 3.64+ | 3.64= 332 | 3.50

064 | 020 | 010 | 3% | 4095 | <023

35+2 | 361 | 33+£2 | 34+3 | 30+6 | 331

G4, from 30° [GPa]

G, from 15° [GPa]

Shear failure stress 71,
from 45° [MPa]

Shear failure stress 71, 43.9+ 43+2 | 45507 | 43222 | 463 | 4147

from 30° [MPa] 0.7
Shear failure stress 7,5 49.8 £ 51+ 53.1
from 15° [MPa] 03 | 03| g6 | 07 | ¥ L,
Shear failure stress
estimation using Tsai-Hill 55 53 55 56 65 57

failure criterion™ [MPa]
*§ parameter that was adjusted to fit Tsai-Hill failure criterion to off-axis failure stress experimental data.

Average values of shear failure stress and the values used as the shear strength parameter
S in Tsai-Hill failure criteria (section 4.2) are provided in Table 5. The shear stress extracted
from the 15° off-axis tensile test surpasses that from the 30° or 45° tests, indicating significant
variation. Furthermore, for all materials, the experimental shear failure stress from off-axis
tensile tests falls below the shear strength value that aligns with the axial failure stress
prediction using Tsai-Hill failure criteria. This implies that the shear failure stress from off-

axis tensile tests (6 > 15°) is underestimated and cannot be considered reliable.
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Figure 9. In-plane shear stress-strain response with corresponding points for DIC full-field analysis; tensile test
on H1-45-4 sample at 1 mm/min. Color maps show in-plane &;, full-field distribution from Digital Image
Correlation analysis, at different time steps during 45° off-axis test
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Figure 9 presents a full-field analysis of the shear strain distribution for a H1 material
sample subjected to a 45° off-axis test, focusing on specific points selected from the shear
stress-strain curve. Given the non-linear nature of the in-plane shear response, four points were
chosen for the analysis, as highlighted in Figure 9. These points include the first one in the
linear response region, the second point near the onset of the non-linear region, the third point
at a higher shear strain within the non-linear response region, and the fourth point near failure.
Furthermore, the original coordinate system (with x representing the loading direction and y
perpendicular to it) was rotated by 45°. Thus, the color maps in the coordinate system reflect
the material's principal direction, with 1 representing the fiber direction and 2 - perpendicular
to it. When comparing shear values in Figure 9, it should be noted that the color maps represent
the tensorial strain &;, (extracted from GOM Aramis® software), which is half the engineering
shear y;, used in shear stress-strain plots. The in-plane shear distribution on the sample's
surface shows an uneven shear distribution at point 1, lacking a clear contour, while the other
3 points exhibit visible shear strain distribution aligned with the 45° angle of the fibers. Near
the failure point, the fourth image reveals shear concentration at the sample's edges, suggesting
failure initiation and propagation from the edges. Additionally, the presence of higher shear
lines can be attributed to increased shear in the fiber-bonding matrix.

5. CONCLUSIONS

This study aimed to evaluate hybridized composite materials' mechanical performance
compared to high-standard reference materials for cost-effective structural applications in the
aerospace industry. A ply-level-hybridization approach was used to create laminates with
varying ply thicknesses and material qualities by combining two types of carbon fiber
prepregs. Monotonic quasi-static off-axis tests were performed to assess the off-axis behavior,
with Digital Image Correlation used for strain analysis. The results showed non-linear stress-
strain behavior, with decreased nonlinearity at higher off-axis angles. Hybrid laminates
exhibited strain hardening and higher failure stress levels compared to simple laminates.
Thickness effects were minimal in the linear response region but slight differences in stress
levels were noted for laminates with the same material but different thicknesses in the non-
linear response region. Off-axis elastic moduli and strength degraded with increasing off-axis
angles. The hybridization approach demonstrated benefits in terms of strain hardening and
failure stress. Additionally, the hybrid laminates demonstrated behavior resembling that of a
transversely isotropic system. However, further analysis is required to fully understand the
mechanism behind the enhanced non-linear response and strain hardening behavior.
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