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ThIS CO”eCtIOI’\ contains the proceed-

ings of the 21st European Conference on Composite Materials
(ECCM21), held in Nantes, France, July 2-5, 2024. ECCM21 is the
21st in a series of conferences organized every two years by
the members of the European Society of Composite Materials
(ESCM). As some of the papers in this collection show, this
conference reaches far beyond the borders of Europe.

The ECCM21 conference was organized by the Nantes

Université and the Ecole Centrale de Nantes, with the support
of the Research Institute in Civil and Mechanical Engineering
(GeM).
Nantes, the birthplace of the novelist Jules
Verne, is at the heart of this edition, as are the
imagination and vision that accompany the
development of composite materials. They are
embodied in the work of numerous partici-
pants from the academic world, but also of the
many industrialists who are making a major
contribution to the development of composite
materials. Industry is well represented, reflect-
ing the strong presence of composites in many
application areas.

With a total of 1,064 oral and poster presenta-
tions and over 1,300 participants, the 4-day
event enabled fruitful exchanges on all aspects of compos-
ites. The topics that traditionally attracted the most contribu-
tions were fracture and damage, multiscale modeling, dura-
bility, aging, process modeling and simulation and additive
manufacturing.

However, the issues of energy and environmental transition,
and more generally the sustainability of composite solu-
tions, logically appear in this issue as important contextual
elements guiding the work being carried out. This includes
bio-sourced composites, material recycling and reuse of
parts, the environmental impact of solutions, etc.

We appreciated the high level of research presented at the
conference and the quality of the submissions, some of
which are included in this collection. We hope that all those
interested in the progress of European composites research
in 2024 will find in this publication sources of inspiration and
answers to their questions.
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THE EFFECTS OF STACKING SEQUENCE ON COMPOSITE
COMPRESSIVE PERFORMANCE AND HOW TO IMPROVE IT
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Abstract

Uni-directional fibre-reinforced composites demonstrate a lack of mechanical strength in compression
Experimental tests according to ASTM D5467 were used to obtain the compressive performance of
IM7/8552 unidirectional carbon fibre with various stacking sequences. The response shows a reduction
in stiffness with increasing strain. An analysis of the non-linear stiffness of the different configurations
shows that the non-linear stiffness variation is similar for uni-directional and multi-directional laminates.
Experimental results show that the initial stiffnesses of multi-directional laminates are similar to those
calculated using classical laminate plate theory. The uni-directional laminate shows a longitudinal
stiffness of 15% less than expected. Uni-directional, cross-ply, and quasi-isotropic laminates show a
non-linear longitudinal stiffness reduction of 7% at an applied compressive strain of 1%.

1. Introduction

The effects of the stacking sequence on composites remain an area of interest for composite engineers
to identify the optimum positioning of higher stiffness plies. Fibre-reinforced composites demonstrate
higher mechanical properties in tension failure rather than compression failure. Tensile loading of
composites can support the alignment of the reinforcement fibres [1]. However, composites loaded in
compression may cause the fibre reinforcement to buckle leading to a kink-band failure [2]. This failure
occurs due to shear instability and micro-buckling of fibres caused by fibre waviness and voids [3, 4].

The stacking sequence affects the bending stiffness matrix. Minimal consideration has been given to the
effect of stacking sequence on strength due to challenges with testing, although bending stiffness has a
significant influence on buckling performance [5, 6]. An in-situ compressive test with a scanning
electron microscope was used to observe the failure process at the microscale of composites in
compression [7]. Failure initiation occurs through shear instability of the fibre and is caused by
compressive stresses that cause small fibre rotations and fibre misalignment. The purpose of this study
is to review the stacking sequence and positioning of highly loaded fibre reinforcement to relate the
compressive strengths of multi-directional laminates to fundamental unidirectional material strengths.

©2024 | 8_JOE RIFAI_Yousef_IGOUR.pdf
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2. Specimen Design and Preparation

The design of the sandwich structure was based on ASTM D5467 standard [8, 9]. Acrylic PMMA, poly
(methyl methacrylate), was selected as the core material due to a high shear strength of 62 MPa, and a
stiffness of 2.96 GPa. The effects of the strain gradient on failure strain were considered, to identify
suitable beam thickness, and results show no significant constraint effect if the beam thickness is above
14 mm [8]. Sample dimensions were modified to reduce high applied loads, eliminate core shear failure,
and allow for specimen machinability. The structure length was 650 mm and consisted of top and bottom
laminates each manufactured from eight plies of uni-directional IM7-8552 to obtain 1 mm thick
laminates and an acrylic PMMA core of 15 mm thickness. The composite material properties for IM7-
8552 Hexply® were obtained according to the manufacturer’s datasheet [10] and experimental findings
[4, 11, 12]. The inputs used were E;; = 161 GPa, E,, = 11.4 GPa, G{, = 5.17 GPa, and v;, = 0.32.
IM7-8552 material properties were used in classical laminate plate theory (CLPT) to calculate the
laminate stiffness shown in Table 1.
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Table 1. Laminate properties for uni-directional, quasi-isotropic, and cross-ply laminates.

Laminate configuration  Longitudinal Stiffness (GPa) Transverse Stiffness (GPa) Poisson’s ratio
Uni — directional 161 11.4 0.32
Quasi — isotropic 61.7 61.7 0.32

Cross — ply 86.7 86.7 0.05

Two arrangements were specified for the top laminate to investigate the objectives of determining the
influence of stacking sequence and positioning of highly loaded fibres. Arrangement one is a quasi-
isotropic with different stacking sequences [0/90/+45],[+45/90/0]s, and [+45/0/—45/90];.
Arrangement two is a cross-ply that consists of [0,/90,]s; and [90,/0,]s. The neutral axis (y) was
calculated based on Equation 1. The area (A) and component centroid (y) were calculated based on the
sample dimensions provided in Figure 1, considering the stiffness contribution of each component. The
stiffness contribution factor of the top skin (E;), core (E.), and bottom skin (E}) are shown in Table 1.

E E
5 (Bt w by wdy vy ) + (b de*y0) + (B2 by diy + 3) )
EC EC

E E
2 (Fh#bewde) + (b do) + (G2 # by = dy)

y:

IM7-8552 [Ql] 1mm

Core: Acrylic PMMA

15 mm

IM7-8552 [0g] 1mm

25 mm

Figure 1. Composite sandwich structure (left), cross-section view of composite sandwich structure
(middle), and composite beam stress distribution showing neutral axis for cross-ply sample (right).

©2024 | 8_JOE RIFAI_Yousef_IGOUR.pdf:2
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Table 2. Top laminate configuration showing stiffness and distance of the neutral axis of the structure.

Top laminate Quasi-isotropic Cross-ply

wn

-

Longitudinal Compressive Stiffness (GPa) 61.7 86.7 Z
1T

Distance of neutral axis (mm) 5.87 6.52 E

O

Y

IM7-8552 laminates were manufactured and cured in the autoclave using the manufacturer’s cure cycle
[10]. The PMMA core material was treated using a grit blaster to provide a rough surface for bonding.
The top and bottom laminates were sanded using P100 grit paper. Araldite® 2021-1 paste epoxy
adhesive that cures at room temperature was used to bond the core and skins together with an applied
pressure to achieve a bond line thickness of 0.2 mm on each skin. A second batch of materials was
bonded using Araldite® 2022-1 paste epoxy adhesive due to better adhesion performance. The sample
weight averaged 35.5 £ 0.5 grams with measurements provided in Table 3. Vishay Precision strain gauge
(C4A-06-125SL-35039P) was positioned and bonded to the centre of the specimen’s top layer to obtain
longitudinal and transverse strain measurements.

Table 3. Sample dimensions post bonding.

Configuration [0,/90,]s [90,/0,]s  [0/90/+45],  [+45/90/0], [+45/0/—45/90],
Thickness (mm) 17.53 17.42 17.42 17.32 17.31
Tolerance (mm) +0.11 +0.19 +0.19 +0.15 +0.15

3. Experimental Setup and Equipment

The compressive performance of composite reinforced fibres is difficult to measure and shows high
variability of test results. The development of compressive test methods is essential to obtain correct
failure and true compressive stress results [13]. Most compressive tests of composites show modified
fixtures and testing techniques to try to avoid premature failure. Composites show signs of premature
failure when tested in compression due to edge failure and localized failure due to stress concentrations.
ASTM D6641 standard is a direct compression test in which samples may experience edge delamination
[14]. Localised failure is caused by specimen grips that create through-thickness stresses. The ASTM
D5467 standard aims at identifying compressive properties of unidirectional polymer matrix composites
using sandwich beam arrangements. The test applies a compressive load on the upper skin using a four-
point flexural loading system [9].

Flexural tests use load fixtures that require wide rollers with large diameters and loading pads to avoid
localized failure of the sandwich beams [8]. Suggestions of the sample dimensions are provided to
conduct tests adhering to ASTM D5467 standards [9]. The ASTM standard dimensions have been
modified to increase sample length and generate higher compressive stresses while reducing shear
stresses on the structure [10]. The shear stresses generated can cause shear failure in the composite
sandwich core causing separation of the skin and core.

©2024 | 8_JOE RIFAI_Yousef_IGOUR.pdf:3
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Figure 2. Experimental set-up for compression test of sandwich specimens.

The flexural test required the use of a four-point bend test fixture that is placed on the sample’s mid-
span length. The mid-span region will experience the highest applied moment where the specimen’s
compressive performance can be measured. Strain gauges are positioned on the top laminate to measure
surface strains. A data logger records the strain measurements with the applied load to identify the stress
applied to the laminate.

4. Experimental Results and Discussion

Six samples of each of the following quasi-isotropic laminates ([0/90/445],[+45/90/
0]s, and [+45/0/—45/90];) were tested. Failure in the gauge section of the top laminate was achieved
in some cases. The material’s expected compressive failure strain is 1.1% [10]. The maximum
compressive failure strains were not achieved due to the debonding between the top skin and the core.
However, stiffness results were provided to review the effects of the stacking sequence on composites
under compression. Table 4 shows the laminate stiffness calculated from experimental data is similar to
that of Table 1. Force and strain results were outputted from the Instron 8872 test machine and System
8000 data logger. The applied bending moment was calculated based on the force (F) at the applied
roller distance (L). The flexural strength of the top skin of the beam was determined using an equation
derived from simple beam theory [8]. The maximum bending moment at the gauge section was used to
calculate the compressive stress on the top skin based (g;) in Equation 2.

%*(yt—i)*& @)

O = I E,

The distance away from the neutral axis (y) is presented in Table 2, and the top skin height (y,) is
presented in Table 3. The second moment of area (I) was calculated using an equivalent value weighted
by the moduli that varies depending on the stiffness contribution of the top skin, core, and bottom skin.
The stiffness contribution factor of the top skin (E;), and core (E.) must be considered to calculate the
compressive stress applied to the top skin. Experimental results in Figure 3 show that the [0/90/+45],
laminate demonstrates a marginal increase in stiffness; however, these results aren’t statistically
significant to conclude that the position of highly loaded fibres (0-degree ply) further away from a
laminate’s plane of symmetry increases the laminates’ stiffness.

©2024 | 8_JOE RIFAI_Yousef_IGOUR.pdf:4
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Figure 3. Experimental results of quasi-isotropic laminates showing two different stacking sequences.

Table 4. Compressive stress and stiffness of quasi-isotropic laminates at 0.9% compression strain.

Configuration [£45/90/0], [+45/0/—45/90]; [0/90/+45];
Compressive  Stiffness ~ Compressive Stiffness Compressive Stiffness
Stress (MPa) (GPa) Stress (MPa) (GPa) Stress (MPa) (GPa)
Sample 1 519.5 57.7
Sample 2 516.9 57.4 528.8 58.7 546.0 60.7
Sample 3 517.8 57.5 541.1 60.1 533.1 59.2
Sample 6 496.9 55.1 495.5 55.0 523.9 58.2
Average 510.5 56.7 521.2 57.9 534.4 59.3
Standard 11.7 1.3 19.2 2.1 11.0 1.2
deviation

Seven samples of each of the following arrangements of the cross-ply laminates ([0,/90,]; and
[90,/0,]s) were tested. Figure 4 shows the results of the cross-ply laminates, indicating that the
[90,/0,]s laminate has a marginal increase in the laminate’s compressive stiffness, although the result
is not statistically significant. Table 5 shows that the average compressive stress and stiffness of the
[90,/0,]s laminate is marginally higher.

Figure 4. Experimental results of cross-ply laminates showing two different stacking sequences.

©2024 | 8_JOE RIFAI_Yousef_IGOUR.pdf:5
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Table 5. Compressive stress and stiffness of cross-ply laminates at 0.9% compression strain.

Configuration [02/90,]5 [90;/0,], 2

Compressive  Stiffness ~ Compressive  Stiffness 2

Stress (MPa) (GPa) Stress (MPa) (GPa) -

Sample 2 785.0 87.1 pd

Sample 4 823.0 91.4 S
Sample 6 724.2 80.4 713.3 79.2
Sample 7 722.3 80.2 772.7 85.9
Average 743.8 82.6 769.7 85.4

Standard

deviation 35.7 3.9 54.9 5.6

The results for the multidirectional laminates show stiffnesses similar to those calculated using CLPT
as seen from the comparison of the dashed and solid lines at zero strain in Figure 5. Further tests were
conducted on a unidirectional [04] laminate resulting in lower longitudinal stiffness than specified in
the data sheet. Composite materials have a non-linear stiffness as further compressive strains are applied.
Figure 5 shows a reduction of laminate stiffness as higher compressive strains are applied to composites.
A reduction of laminates’ longitudinal stiffness is observed showing the non-linearity of composite
materials.

Figure 5. Longitudinal stiffness of quasi-isotropic, cross-ply, and unidirectional laminates at higher
compressive strains.

Experimental results in Figure 5 show the longitudinal stiffness for uni-directional, cross-ply, and quasi-
isotropic laminates at different compressive strains. All laminate configurations show the same
experimental non-linear stiffness reduction of nearly 7% in longitudinal stiffness from the initial
measurements up to 1% compressive strain. However, uni-directional laminates show a lower
longitudinal stiffness than that in the datasheet. The latter modulus of 161 GPa in comparison to initial
readings of 136.95 GPa, a 15% reduction in the expected longitudinal stiffness. The use of multi-
directional laminates provides closer laminate stiffness predictions to those calculated using CLPT.

©2024 | 8_JOE RIFAI_Yousef_IGOUR.pdf:6
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5. Conclusion

Compressive tests of composite materials are challenging due to experimental complexities that can
cause stress concentrations or unexpected material failure thus the difficulty in obtaining the
compressive strength. A range of stacking sequences were used for the quasi-isotropic and cross-ply
laminates. The effects of the stacking sequence show a negligible improvement in laminate stiffness.
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The design of composite laminates under compression must be considered as the material shows non-
linearity as further compressive strains are applied. Results shown in Figure 5 show a similar reduction
of stiffness as further compressive strains are applied for all different laminate configurations. Multi-
directional laminates show closer stiffness prediction to CLPT than that of unidirectional laminates. The
non-linear stiffness variation for uni-directional, cross-ply, and quasi-isotropic laminates show a similar
reduction of 7% in longitudinal compressive stiffness at an applied compressive strain of 1%.
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