Design of a composite tube to analyse the compressive behavior of CFRP
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Abstract

A dumbbell-shaped tube is designed in order to study the compression of composites in the direction of the fibers. Three
conditions are defined that ensure the validity of the experimental procedure: the cracks appear in the middle of the speci-
men, the strain field is homogeneous in the gauge area, and buckling must be avoided. Several tubes are manufactured and
then analyzed to verify that they satisfy these three conditions. It turns out that a [0°];; woven carbon/epoxy (G939/M18)
tube reinforced with [90°] unbalanced woven glass/epoxy tabs (1055/ES18) is suitable for compression tests.

The non linear elastic behavior of the material is then identified. The values of the parameters are close to those identified

in a pure bending test.
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Notations
Notation || Unit
t Thickness mm
R Mean radius mm
R; Internal radius mm
R, External radius mm
E Homogenized modulus MPa
v Homogenized Poisson coefficient
V12 In plane Poisson coefficient
Ey Longitudinal modulus MPa
E»» Transverse modulus MPa
Ep» In plane shear modulus MPa
Oeq Equivalent stress MPa
Opuckle Buckling stress MPa
Z‘;’C’kel‘et ed Corrected buckling stress MPa
€ Strain %
£ Ultimate compressive strain %
£ Ultimate tensile strain %
Fraiture Load leading to failure N
N Number of plies
a Non-linear parameter

1. Introduction

Designing composite structures requires to access mate-
rials properties and to understand the mechanisms of fail-
ure for different types of load. The tests on shear and tensile
strength are quite easy to do, that is why the ply properties
are well identified for these types of load [1-3].
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Yet in the case of compression, the experimental methods
are complex and thus the knowledge of materials properties
remains poor [4]. When the slenderness of the specimen is
excessive in a compression test, buckling will affect the fail-
ure, but when the specimen is less slender, stress concentra-
tion generates a failure in the clamped-end. Structural ef-
fects are here the reason of the failure. It is thus not possible
to conclude about the materials properties.

A solution to this problem is a compression test in-
volving dumbbell-shaped tubes. The use of tubes per-
mits also to impose combined load (shear/traction or
shear/compression). This kind of specimen was previously
used by Hochard et al. [5] and Miot [6]. The aim is here to
describe a methodology to validate the experimental set-up
in the limit case of pure compressive test. The same kind of
dumbbell-shaped geometry were used for flat specimens by
De Beare et al. [7].

First, a literature review is performed in order to identify
the conditions required to validate the suitability of the test.
Next, a specimen manufacturing process is presented and
the experimental procedure is described. In particular, an
innovative method is proposed to ensure that buckling is
avoided. Finally, once the specimen has been validated, the
non linear behavior and ultimate compressive stress of wo-
ven carbon/epoxy are identified.

2. Definition of a validated experimental procedure

The well-known Celanese test is advocated by the ASTM
D 3410/A and EN ISO 14126 ISO norms. Due to its main ad-
vantages, i.e., the easy geometry of the sample and the clas-
sical set-up, this experimental test is often used in research
[8-15]. However it gives poor strain results and failure occurs
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most of the time near the fixture [8, 9]. It seems to be caused
by stress concentrations in this area. Moreover, there is also
a risk of buckling. As a consequence, we define three con-
ditions which have to be satisfied in order to validate a pure
compressive test:

o ¢;: The failure must appear in the gauge area.
e ¢,: The strain field must be uniform in the gauge area.

e c3: Failures due to buckling must be avoided.

Many research studies have thus focused on the im-
provement of the measurement of the ultimate compressive
stress.

One way is to keep almost the same geometry and to make
minor changes to the Celanese test. Lee and Soutis [8] pro-
posed to reinforce the specimen close to the fixture and to
modify the stacking sequence of plies in order to limit buck-
ling (c3) and stress concentration (¢; and ¢,). Unfortunately,
this method does not make it possible to study a specimen
in which the stacking sequence is [0°]. A second improve-
ment [14] consists in using an aAIJanti-bucklingaAl set-up
to satisfy condition c;. This method unfortunately generates
friction between the anti-buckling plate and the specimen.
The instrumentation of the set-up to quantify this parasitical
load is a difficult and costly process.

Another way to study compression is to use a bending test
and to focus on the part of the specimen submitted to com-
pression. Bending tests are interesting as they are very sta-
ble. The main bending tests are the 3 point bending test
[16, 17], the 4 point bending test [18, 19] and the pure bend-
ing test [9]. Unfortunately, some difficulties still remain:

e Condition ¢, is not satisfied and thus the relation be-
tween ultimate compressive stress and applied load ne-
cessitates to postulate about the stress state in the spec-
imen and about the behavior of the material to solve the
inverse problem [9].

e When failure is localized in the part submitted to trac-
tion, it is not possible to conclude about the failure in
compression [20].

o The effects of the strain gradient on compression seem
to play a part in the failure in compression [13, 21].

In the same way, Wisnom and Atkinson [21] and Drapier et
al. [22] proposed an experimental test called 4Aiconstrained
bucklingaAl. It is a post buckling compression test on a long
specimen whose ends are free to rotate. This test is thus sim-
ilar to a pure bending test. The variability is low and the
strain results are good.

Unfortunately bending tests do not permit to study the
behavior of materials under combined load. That is the
main reason to justify the choice to work with tubular spec-
imens. The geometry of the tubes will then be defined and
validated regarding the three conditions c;, ¢, and c; in the
case of pure compressive load.

Carbon/Epoxy | Glass/Epoxy
G939/M18 1055/ES18
E;; (MPa) 53000 36000
E,, (MPa) 53000 18000
E;, (MPa) 4000 4000
Via 0.035 0.19

Table 1: Elastic properties of materials used in buckling prediction

3. Materials and Sample preparation

The specimens used for these experiments are tubes.
Their external diameter is set to 40 mm by the testing ma-
chine. Height is arbitrary chosen 370 mm. The manufactur-
ing of the tubes is in two steps.

First, a tube made of woven carbon/epoxy (G939/M18
(Table 1)) is manufactured. The weave is a 4-Harness Satin.
The standard designation is HTA for the fibers and M18 for
the resin. The manufacturing method used is called wrap
rolling [23]. It consists in rolling prepreg plies around an
aluminum rod, as presented in Fig. 1. This aluminum
rod is the internal mold. During rolling, a force is applied
in order to compact the plies. Finally, the external ply is
a heat-shrinkable tape, whose shrinking during curing en-
sures compaction.

For this type of resin, a curing cycle at 180°C is imposed.
This method is only possible when the thermal coefficient
of aluminum is greater than that of the composite. This al-
lows the aluminum rod to be removed after the curing cycle.
This method is thus particularly efficient with woven com-
posites and works also with unbalanced composites because
the thermal coefficient of the composite is significantly lim-
ited by the transverse fibers. In the case of pure UD plies
oriented at 0° the method is more complex and necessitate
to wind a roll of teflon around the rod in aluminum to in-
crease the thermal coefficient of the internal mould. The in-
ternal diameter of the tube is set at 30 mm, based on the di-
ameter of the rod. The quasi-perfect cylindricity of the rod
makes it possible to consider the cylindricity defect of the
tube as negligible in comparison to the classical uncertainty
in the manufacturing of fibrous thermosetting composites
[24]. The stacking sequence is [0°],, where n is chosen in the
set{2,3,5,7,11}.

Next, the carbon tube is reinforced with tabs at both ends
so that the crack occurs in the gauge area, which is the zone
where the tube is not reinforced. The shape of the tube is
then turned into that of a dumbbell. To obtain this shape,
the number of plies is progressively increased to match the
dimensions of the clamp (Figure 1). To reduce progressively
the thickness, only resin epoxy with microspheres can be
used. Several experiments will be performed with different
materials for the tabs, such as:

e epoxy resin reinforced with microspheres,

e woven carbon plies (G939/M18),
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Figure 1: Manufacturing of the specimens: (a) rolling process (b) geometry
of the specimen

¢ unbalanced woven glass [0°] plies (1055/ES18),
¢ unbalanced woven glass [90°] plies (1055/ES18).

The external coaxility of the tabs cannot be controlled
during the curing process because the method proposed
does not involve the use of an external mould. Yet, if this
coaxiality is too low, bending can occur during the compres-
sive test, which will dramatically affect the results. For this
reason, the external face of the tabs is machined on a lathe.
The specimen is guided internally so that the coaxiality re-
mains satisfying.

Finally each clamped end of the specimen is filled with an
aluminum rod to avoid the failure caused by machine tight-
ening.

4. Experimental set-up and methods

A universal axial-torsion machine (MTS 322) was used
for the compression test. The axial limit of the machine
was 20000 daN. The uniform cross-head displacement was 1
mm/min. In order to control the homogeneity of the strain
field in the specimen, the compression test was monitored
by 3D Digital Image Correlation (DIC) [25]. Two cameras
were needed in order to take into account the non-flatness
of the specimen. The image speed was 2 images per second.
This number of images per second was adapted to the mon-
itoring of the behavior of the material during the test but it
is not enough to access the mechanisms of failure. In the
following sections, the validation of the test is based on the
three conditions which were described in 2.

4.1. Condition c;: The failure must appear in the strain
gauge area

The specimens are dumbbell-shaped tubes, which limits
the effects of the clamped ends. Yet it is observed that the
choice of the material for the tabs strongly influences the lo-
calization of the crack. A post-observation makes it possible
to localize the crack in each specimen. If the crack is well
placed, the condition is validated. Figure 2 shows the three
different areas the tube is divided in: areas A and B are zones
where there is no tab, and they are thus considered as valid.
Area C is not acceptable for crack occurrence.

Figure 2: Definition of the area where the crack appears

Figures 3a and 3b show two post-observations of the spec-
imen: Figure 3a (epoxy resin tab) shows that the crack has
initiated in the reinforced area, while Figure 3b (woven glass
at 90° reinforcement) shows that the crackis well localized in



the middle of the gauge area. Table 2 shows the results for the
four types of tabs. The only material unable to satisfy condi-
tion ¢ is the epoxy resin reinforced with microspheres. The
presence of microspheres is necessary in order to keep man-
ufacturing simple. Yet this additive promotes a debonding
between the tabs and the carbon tube. That is why multiple
cracks are observed in area C.

Qo
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(a) Tabs made with microsphere-reinforced
epoxy : crack in area C

] ¥
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(b) Tabs made with unbalanced woven glass at 90°:
crack in area A

Figure 3: Influence of the material for the tabs on the localization of the
failure

Material used for tabs |A|B]|C
Carbon/Epoxy v
Glass/Epoxy 0° e

Glass/Epoxy 90° e
Epoxy reinforced with microspheres N

Table 2: Classification of crack position vs. the material used for tabs for a
7-ply tube (areas are defined in Figure 2)

4.2. Condition c,: The strain field must be uniform in the
gauge area

If ¢, is not validated, it is necessary to postulate on the
material behavior and on the internal stress state in order
to solve the inverse problem.

When this condition is validated, it is possible to calculate
directly the equivalent stress state in the central gauge area,
as follows:

Fr -
failure
Oog=————5= 1

A preliminary simulation with a FE (Finite Element)
model is proposed. This calculation, implemented into
ABAQUS [26], takes into account the various types of tabs
(Figure 4). The FE model used is a 3D shell element model,
where the stacking sequence represents the different areas.
Although this shell model do not permit to accurately de-
scribe the strain field in the area close to the ply drops, it
makes it possible to qualitatively access the influence of the
tabs on the homogeneity of the strain field in the gauge area.

This simulation shows that the softer the tabs in the lon-
gitudinal direction are, the more homogeneous the field is.
In Figure 4, it can be observed that for carbon/epoxy or
glass/epoxy at 0°, the strain is different in areas A and B,
whereas for the other tabs the strain gradient in the longitu-
dinal direction is smaller. The strain state is constant in the
whole tube when the tabs are made of epoxy reinforced with
microspheres. Unfortunately this type of tabs do not comply
with condition c;. It is then demonstrated numerically that
the best tab is unbalanced glass/epoxy at 90°.

4.3. Condition c3: Failures due to buckling must be avoided

Concerning c;, it appears that the literature shows that the
prediction of buckling is complex [27]. Moreover, the ob-
servation of the initiation of the failure using a high-speed
camera is not possible. Here, an innovative experimental
method based on theoretical results [28-30] is proposed.

Firstly, when the failure is due to material collapse, the
stress leading to failure is constant. In this case, the varia-
tion in the number of plies does not affect the stress leading
to failure.

Secondly, when the failure is initiated by the buckling of
the structure, the equivalent stress is a function of the ge-
ometry of the specimen. In the case of thin-walled circu-



(a) Balanced Carbon/Epoxy

(b) Unbalanced 0° glass/epoxy

(c) Unbalanced 90° glass/epoxy

(d) Epoxy resin reinforced microspheres

Figure 4: Strain field &, for a9 ply carbon tube and various tabs

lar cylinders and a balanced woven material, the equivalent
stress can be computed using the following expression [28]:

o W EnEn ot @)
buckle = —F— 7
Here 31— v) R

Figure 5 is the basis of the definition of the occurrence of
buckling. Various tubes with tabs made of [90°] glass/epoxy
plies and with different thicknesses will be tested to identify
the type of rupture. When the thickness does not modify the
stress leading to failure, it will be considered that buckling
does not occur. Otherwise, buckling will be supposed to be
the cause of the failure. It is essential to understand here that
the buckling prediction needed here to validate the experi-
ment remains qualitative.
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Figure 5: Theoretical prediction of the type of failure

Specimen reference || Failureload || Equivalent stress
kN MPa
ECO01 50 510
ECO02 47 479
ECO03 51 520
EC04 53 540
ECO05 46 469

Table 3: Failure load for various specimens of [0°]3 carbon plies

5. Experimental results and discussion

5.1. Accuracy of the method

First, five tests on [0°]; tubes were performed in order to
quantify the accuracy of the measurement. Results are sum-
marized in Table 3. The repeatability is good and the preci-
sion is better than 7.5 %. It will be shown later that buckling
cannot be avoided in this type of tube.

5.2. Effect of materials used for tabs

The experimental results presented in Figure 6 confirm
the numerical simulations summarized in Figure 4. The
strain field is here plotted just before the collapse of the spec-
imen. The homogeneity of the strain field is significantly af-
fected in the ply drop area. The strain field of the tabs made
of epoxy resin reinforced with microspheres is the most ho-
mogeneous because the tab rigidity is low and the variation
in the tube thickness is small. Unfortunately the tubes with
tabs made of epoxy reinforced with microspheres do not sat-
isfy criterion c;, as shown in Figure 3a.

This type of fixture is thus not appropriate. The other tabs,
i.e, made of carbon/epoxy or glass/epoxy at 0° or 90° satisfy
condition ¢; but an orientation with a 90° angle gives better
results according to criterion c,.

For the next experiments, tubes with tabs made of unbal-
anced 90° glass/epoxy will thus be used.
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Figure 6: Strain fields &,; obtained by DIC for a 7-ply carbon internal tube with different tabs

5.3. Choice of the number of plies

Another issue is the choice of the number of plies. As it is
shown in Figure 5, the number of plies should be sufficiently
high to solve the buckling problem. But too high a number
of plies implies too high a fracture load as well as manufac-
turing difficulties.

A validation of the specimen is proposed concerning a
possible occurrence of buckling (cf. Figure 5). The compres-
sive tests are realized for various thicknesses and the load
leading to rupture is recorded for each test. The equivalent
stress is next calculated using Eq. 1 and plotted in Figure 7.
The thickness of the specimen is directly measured on the
tube because compaction is better for a low number of plies
and thus the thickness per ply can perceptibly vary.
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Figure 7: Results of compressive tests for various thicknesses

It is shown that the stress leading to rupture is quasi in-
variant when the thickness is of more than 5 plies. It is thus
concluded that 7 plies will be sufficient to prevent the spec-
imen from buckling. However, Figure 8 illustrates another

issue concerning the choice between a 7-ply and an 11-ply
internal tube. It is visible that the homogeneity of the strain
field is better for an 11-ply internal tube. This is essentially
due to the fact that the stiffness of the tab is negligible when
the tube is thick. The measurement of the ultimate compres-
sive strain will also be more accurate for this type of speci-
men.
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(a) 7-ply internal tube (b) 11-ply internal tube

Figure 8: Strain fields £1; obtained by DIC for a 7 and a 11-ply carbon inter-
nal tube and reinforced with a 90° glass/epoxy

For the 11-ply tube case, Figure 9 shows the evolution of
the longitudinal strain around a third of the circumference
of the tube (DIC field of view) for different sections in the
area A. The measured strain evolves a little around the sam-
ple. This variability is associated to many parameters like
the heterogeneity of the material (weaving architecture), the
structure of the specimen (ply drops) and the measurement
errors linked to the DIC. It is also visible that the averaged
strain is quite close to the value obtained by FEM (linear
model).

It should be also noted that it was researched to limit the
number of overlap zones in the manufacturing process. Al-
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Figure 9: Longitudinal strain measured experimentally around the 11-ply
tube in various sections of the area A just before collapse

though it is likely that these overlap zones exist, their influ-
ence decreases when the number of plies increases. It is an-
other reason to choose the 11-ply tube. Moreover, Figures
8b and 9 do not show sudden variations of the strain field
around the circumference.

5.4. Material behavior

The measured strain field (Figures 8b and 9) is not per-
fectly uniform in the gauge area for the reasons mentioned
in the previous paragraph. That is why an average strain is
calculated in order to characterize the material behavior. In
Figure 10, five random points were chosen to plot the o-¢
curve for a [0°];; tube reinforced with [90°] glass/epoxy. The
average is calculated every moment by post-processing DIC
results in MATLAB [31] using the following equation:

1i:N
E=— E: 3
N; 3)

This strain average in the direction of the tube is £, =-1.35
% for the [0];; specimen just before collapse. This value is
close to the ultimate tensile strain (¢, = 1.5 % [32]), but the
ultimate stress is different in traction and in compression
because the behavior is significantly non linear in compres-
sion. This non linearity is classically attributed to the micro-
structure of the carbon fiber [33].

Let us identify the model proposed by Allix et al. [34] in or-
der to model the non linear behavior of the material (Equa-
tion 4).

o=E(1+as)e (4)

The stiffness reduction model is in good agreement with
the experimental data (Figure 10). Moreover, the values of
the coefficients identified with this experiment are close to
those identified with a pure bending test by Bois et al. [35]
on a similar carbon balanced woven ply.

Concerning the failure of the composite, there is a signif-
icant difference between the pure compressive test and the
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Figure 10: Non linear behavior up to failure

bending test. The strain leading to failure with the bending
test is 1.8% [35] yet the strain leading to failure is equal to
1.35% in the case of pure compressive test. This kind of re-
sults was already shown by Grandidier et al. [17] and Wis-
nom [36].

5.5. Type of failure

When the rupture is caused by the material collapse, the
micro-buckling of the tows seems to be at the origin of the
collapse of the specimen. Yet this affirmation is hard to val-
idate because it is only based on a post-observation of the
specimen. Figure 3b shows the specimen after collapse. The
crack always occurs around the tube and the failure is sud-
den and catastrophic.

6. Conclusion

In this paper, we proposed the design of a dumbbell-
shaped composite tube for pure compressive test. One
of the main interest of uses tubes is the possibility to im-
pose combined load. This kind of specimen was used in
shear/traction in the past [5, 6] and in shear/compression
more recently [37]. The aim is here to describe a methodol-
ogy to validate the experimental set-up in the limit case of
pure compressive test.

The use of tubular specimens imposes in compensation
experimental difficulties that we have proposed to solve.
Three conditions are then exposed in order to characterize
the validity of the experiment. Solutions are then proposed
for each one of these conditions:

o ¢ - The failure must appear in gauge area: a dumbbell-
shaped tube is proposed to force the failure in the mid-
dle of the specimen.

® ¢, - The strain field must be uniform in the gauge area:
the selection of the right material for tabs ([90°] unbal-
anced glass/epoxy) in order to limit the stress localiza-
tion close to the ply drop zone is suggested. The use of



a thick tube makes it possible to limit this stress local-
ization.

o ;3 - Failures due to buckling must be avoided: an exper-
imental procedure is developed in order to identify the
occurrence of buckling. This makes it possible to deter-
mine the minimum number of plies to avoid buckling.

A [0°];; carbon tube with tabs made with a [90°] un-
balanced glass/epoxy satisfies the three conditions defined
above. In particular, the non linear behavior up to failure
is well identified. The results are comparable to literature
results obtained with a pure bending test, but without an
inverse problem calculation. On the other hand, the strain
leading to failure with the bending test is higher than in the
case of pure compressive test. This is due to the gradient ef-
fect, well-known in literature.

It should be noted that the experimental measurement
of compressive behavior of composites is complex. It
is obviously a compromise between numerical difficul-
ties/experimental difficulties. The approach proposed in
the present paper is simple in the point of view of data reduc-
tion but complex in the point of view of experimental part.
On the contrary, for constrained buckling tests or pure bend-
ing tests, the protocol is simpler but the material behavior
identification is more complex.
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