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Compression Characterization of
High-modulus Carbon Fibers

O. MONTAGNIER  AND CH. HOCHARD

Laboratoire de Mécanique et d’Acoustique, 31 chemin Joseph Aiguier
13402 Marseille Cedex 20, France

ABSTRACT : The study deals with testing and modeling the mesoscopic compression behavior of
high-modulus carbon fibers-reinforced epoxy. These fibers are very stiff, but their compression
performances are poor. To decrease the risk margins during the sizing process, it is necessary to
determine their compression behavior as accurately as possible. Two tests were carried out on two
types of high-modulus carbon fibers (M55J fibers and K63712 fibers): the pure compression Celanese
test, which gives poor strain results, and a new pure bending test, which allows large displacements
and generates higher strain levels. This bending test makes it possible to know without inverse
calculation the load for any sections and to use machine specimens in order to avoid tab effects. An
elastic nonlinear model (a power function of the strain) is proposed to describe the loss of
compressive rigidity until the brittle rupture. Model coefficients are identified for the two materials
with a simple inverse calculation. The pure bending test brought to light a highly nonlinear behavior
of the unidirectional K63712 fibers.

KEY WORDS: compressive strength, failure strain, high-modulus carbon fiber, pure bending.

INTRODUCTION

High modulus carbon fibers, such as Dialead fibers, are very stiff. A quasi-isotropic ([0°,90°,45°,-
45°]s) material reinforced with these unidirectional fibers is twice as stiff as aluminum although its
density is 1.6 times lower. Our studies on high-speed drive shafts have shown the great potential of
these fibers [1,2]. Hollow laminated composite drive shafts (thin-walled tubes) are subjected to
dynamic loading and torsional buckling forces. In the case of a subcritical drive shaft, the first
critical speed (which is given in a first approximation by Equation (1)) must not be reached, and this
structure must therefore be both stiff along the rotational axis and lightweight.
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where [ is the bending moment of inertia, S the tube section surface, £ the modulus along tube axis,
L the tube length and p the material density.

Likewise, the torsional buckling critical load, which is one of the main criteria used in
designing composite drive shafts, increases when the material has a high level of stiffness. However,
these materials show a weakness for their compression properties.

To decrease the risk margins during the sizing of these structures, a very good knowledge of the
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compressive behavior is necessary. The pure compression test is notoriously difficult and leads to
premature failure: if the specimens are too long, they can break by buckling, and if they are too
short, the edge effects are significant [3-12].

Many authors have attempted to minimize some of these difficulties by improving the
compression test method [8-10] or by carrying out experiments of other kinds to measure the
compressive strength and/or the compressive strain to rupture (in particular for high resistance
carbon fibers). Pure compression tests on [(£60°),, 0°, (£60°),]s laminates have been developed,
which limit the risk of buckling and decrease the tab effects [11,12]. The main difficulty with this
method is how to determine the in-plane behavior of the material exactly in order to perform the
inverse calculations. Wisnom has designed a pin-ended buckling rig [3-5]. The advantage of
buckling tests is that failure occurs in these tests without any stress concentration. They yield direct
measurements of the compressive strain and generate high levels of strain. However, buckling tests
do not make it possible to directly determine the load in the beam and it is therefore necessary to
perform an inverse calculation with beam theory for large displacements. The fact that the behavior
of the material/beam under compression is nonlinear makes this inverse calculation all the more
complex. Other authors have carried out four-point bending tests to determine the compression
behavior. For thick composites, Daniel proposed a four point bending test with small displacements
adapted to performing an inverse calculation [9]. For flexible structures like thin composites, the
four point bending test is not adapted due to the complex computation of the bending moment in
large displacements and rotations [6,13]. In addition, these tests led to premature failure due to the
stress concentration occurring at the hinges.

In the present study, two tests were carried out on high-modulus carbon fibers to determine
compression behavior (Mitsubishi Dialead® K63712 / Structil R367-2 and Toray M55J / Structil
R368-1): a pure compression test and a new pure bending test in large displacements. A nonlinear
model is proposed to describe the loss of rigidity occurring under compression loading. The
compression behavior identification method starting with pure bending tests is presented and applied
to the two materials. The failure mode involved in the two unidirectional cases under investigation
will also be discussed. Lastly, the two types of high-modulus carbon fibers, M55]J fibers obtained
from a PAN precursor and Dialead K63712 fibers obtained from PITCH, are compared.

PURE COMPRESSION TEST

Pure compression tests were performed with the Celanese test fixture (ASTM D3410)
composed of two male prisms and two female prisms guided by a circular envelope (Figure 1). Only
the Dialead K63712 unidirectional was studied to compare to the pure bending test. Six specimens
were machined (Figure 1). Four specimens were equipped with a strain gauge on one face, while the
other two were equipped with a strain gauge on each face. The tabs were cut out from a plate of
[£45°]s CFRP.

Results

In each test, the compressive failure strain & and the failure stress (load/section) o, were noted
and the coefficient of variation (cov) was calculated. The initial compression modulus £, was
identified on test specimens with two strain gauges (Table 1). One of the advantages of this test is
that the stress calculation is independent of the behavior of the material. The results show great
dispersion and the failure stresses are underestimated in comparison with the manufacturer’s
experimental data (Table 1). The curves obtained were nonlinear but the method is not accurate
enough to be able to extract the nonlinear material parameters (Figure 2).
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Figure 1. Celanese specimens (carbon / epoxy tabs) and Celanese test fixture.

Table 1. Mechanical characteristics of K63712
(normalized 60% volume fiber).

Celanese test

Parameter (Standard ASTM D3410) Daigd
& (cov) 0.10% (13.6%) -
E. 367 GPa 330' GPa
o, (cov) 374 MPa (5.1%) 440" MPa
Er - 370° GPa
o - 1500% MPa
! Mitsubishi (standard ASTM D695), 2 Mitsubishi.
Table 2. Mechanical characteristics of M55J
(normalized 60% volume fiber).
Celanese test
Parameter (Standard ASTM D3410) Data
P 3 880" MPa
Er - 311 - 335%; 338" GPa
ot - 1760° ; 2010" MPa
& - 0,53°;0,6' %
! Torayca, Zinitial tangent modulus and final secant modulus [17], 8 [17]
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Figure 2. Six Celanese compression test on K63712 (normalized 60% volume fiber).



Analysis

The authors noted several points, like many others, that do not confirm the validity of the
present experimental results [3-12]. First, in the specimens with two strain gauges, the difference
between the strains was sometimes highly significant, which suggests that significant parasite
bending may have occurred. Secondly, the assumption that there was a uniform strain field under the
gauge is not valid because the free area on the specimen was too small. Thirdly, failure was observed
systematically at the tabs due to the clamp and the rupture presumably occurred at an earlier stage.
Fourthly, specimen-machining defects such as the lack of parallelism of the tabs can generate
parasitic loads due to the high level of hyperstatism.

This test is therefore not a proper material test because it involves significant structural effects.
More satisfactory results would certainly be obtained by performing a larger number of tests and
eliminating those where the bending is too significant.

The manufacturer’s experimental data on M55J unidirectional ply laminates are given in Table
2.

PURE BENDING TEST

A pure bending test is propose that allows large displacements. The principle on which the apparatus
used for this purpose was based is quite simple (Figure 3-4). Four pulleys were assembled on the two
axis of application of the bending moment and bearings were mounted at the axle ends. One axle
was free to perform rotations but not displacements, and the other was free to perform both rotations
and displacements. The bending moment was introduced by applying equal loads to each scale. The
simplicity of the apparatus makes it possible to rule out the occurrence of any parasitic loads except
for rolling friction, which will be neglected here. The specimens were machined in order to avoid tab
effects (Figure 5). With this bending test, a specimen with a variable section does not introduce any
analytical problems. The specimens were equipped with strain gauges on each face. The small
section variation allows to assume a uniform strain field under the gauges. The test was carried out
by applying several load increments.

Other kind of pure bending bench can be found in the literature. For steel beam, authors
proposed to use four pulleys blocked in displacement on the other hand the beam is free to move
along the contact rollers [14-16]. Recently, Zineb proposed a pure bending test with large
displacements and rotations for composite structures where the bending moment is obtained with a
simple inverse calculation independent of the specimen behavior [13].

Figure 3. Pure bending test apparatus.



Figure 4. Scheme of pure bending test apparatus.
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Figure 5. Pure bending test specimen.

Four specimens on each of the two materials were tested. The thickness was 2.22mm (20 plies)
for the M55]J unidirectional and 2.56mm (10 plies) for the K63712 unidirectional. It should be noted
that Wisnom observed that the strain gradient through the thickness is a critical parameter [4,5]. The
compressive strain at failure increased with the increase of the strain gradient. Buckling tests on
T800/924 carbon fiber/epoxy showed a significant structural effect with thin specimens (mainly with
a thickness inferior to 3mm).; The strain at failure of these high resistance fibers is superior to 1.5%,
which involves a significant curvature for thin specimens. For high-modulus fibers, the strain at
failure is inferior to 0.3%, which involves weak curvature in flexural tests with specimens of a
2.2mm thickness. This curvature corresponds to a T800/924 specimen thickness of 11mm. Hence,
the strain gradient effect seems to be negligible here.

Results

The failure occurred in the middle of the specimen and the stresses concentrating at the clamps
were not responsible for the failure. These tests yielded high failure strains with both materials
(Figures 6 and 7). For the K63712, the strain at failure is about 60% greater than that obtained in the
Celanese test (Table 3). For the two materials, tests were reproducible. The coefficient of variation of
the compressive strain at failure is lower than 5%. The present results show the occurrence of non-
linearly decreasing compression behavior. It is worth noting that the decrease in the tension strain
does not mean that the tension behavior was a non-linearly decreasing behavior: it simply reflected
the evolution of the equilibrium. To model the tension behavior, it will be necessary to carry out
tension tests.

The failure mode was found to differ between the two materials. In the case of the M55J
specimens, the failure was brittle (Figure 6), whereas in the case of the Dialead specimens, the
failure mode was an original one. After point A had been reached (Figure 7), the strains increased
slowly under a constant bending moment: during the first 85 seconds, the compressive strain evolved
from 0.18% to 0.40%, the tensile strain evolved from 0.16% to 0.27%, and the neutral fiber moved
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Figure 6. A pure bending test on M55J until failure.
12
10 b . 06000
.‘B"D
E 8
£ A
S 6 f
Q
1S
o
= 4L
2 L —&—tension
--@-- - compression
0
0,00 0,08 0,16 0,24 0,32 0,40

Strain (%)
Figure 7. A pure bending test on K63712 until failure.

Table 3. Compressive failure strain of M55J and K63712 in
pure bending tests

Material Parameter Identification
M55J & (cov) 0.311% (4.6%)
K63712 & (cov) 0.168% (4.3%)

towards the tension zone.

Contrary to what was done in the case of the pure compression test, the failure stress was
obtained starting with a mathematical model for the constitutive law. In the case of materials with
linear behavior, the behavior can be determined quite straightforwardly because the bending moment
is a linear function of the curvature. In the case of materials with nonlinear behavior, the inverse
calculation is more complex.

Modelling and identification

The idea on which this study was based was to use mesoscopic models to describe the
compression behavior of unidirectional plies, with a view to introduce these models into structural
computations. This model is not based on microscopic processes such as fiber microbuckling, where



the homogenization procedure is highly complex.

In addition, the identification of the compression behavior based on the pure bending tests
requires the tension behavior of the material to be known. Moreover, an increase in the stiffness has
been observed during tensile tests on unidirectional M55J/M18 [17] (Table 2), where the secant
modulus increased from 311 GPa to 335 Gpa [17]. Accordingly, tensile tests were carried out and a
simple model was introduced to describe the nonlinear tension behavior.

TENSION BEHAVIOR: MODELLING AND IDENTIFICATION
Four tensile tests were carried out on each of the two materials (Figure 8). The tests showed the
previously reported increase in the stiffness. This nonlinear behavior was modeled on a second-order
power law:
2
0,=E &, +f<&,>, (2
where [ is the nonlinear tensile parameter and <e>, the positive part.
The results of these tests are presented in Table 4.

COMPRESSION BEHAVIOR: MODELLING

A mesoscopic model has been proposed by Ladevéze to model the compression behavior [18].
The decrease in the modulus was assumed here to be proportional to the stress, and the constitutive
law was written:

3)

o,=E&,—a<o,,> ¢,

where « is the nonlinear compressive parameter and <e>_ the negative part.
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Figure 8. Tensile tests and models for K63712 and M55J

This model (written in terms of strain) was studied in the case of the two materials, but it does
not satisfactorily describe the fast decrease in the compressive modulus that occurred in the Dialead
unidirectional ply laminate at the end of the test (Figure 7). Another model with a different slope at
the origin between tension and compression is also possible [6], but this assumption was not
observed experimentally and seems to be less in keeping with physical reality. The authors therefore
felt that it was logical to introduce a model where the decrease in the stiffness is taken to be
proportional to a power function of the strain. After adding the tension behavior, the constitutive law
becomes:



Table 4. Constitutive law parameters of M55J and K63712
identified by tensile tests (normalized 60% volume fiber).

Material Parameter Identification
M55J E; 318 Gpa
B 308e3 GPa
K63712 = 363 Gpa
¥ 1.58e4 GPa

n

1 2
0,,=E & —a<—g,>."" +p<&,>, (4)
where 7 is the power of the power function.
Since parameters £, and S are defined by the results of the tensile tests, this law contains only
two parameters which need to be determined, which are « and n.

COMPRESSION BEHAVIOR: IDENTIFICATION METHOD

The identification of « and n can be carried out point by point, but this does not suffice. The
whole set of experimental data must be used to determine the parameters of the compressive
constitutive law. Therefore a minimization method similar to that proposed by Vittecoq is used [6].
The minimization was carried out on parameter « by taking the exponent n, which minimizes the
error, in the set {0.1;0.2; ... ; 3}.

In the case of the pure bending test, the functional which has to be minimized is:

FS NN comn @+ M comn()-M ;o () )

—_

where g €/0,1] is the balance factor and m the number of experimental values, the values computed
are noted ‘comp’ and the experimental values are noted ‘exp’.
To determine the functional, the beam cross-section equilibrium is written as:

h/2
Nﬁcompzb."_h/zo-l 1 (y)dy (6)

h/2
Mficompzb_“_h/zo_ll (Y)ydy (7)

where the stress oy is deduced from the constitutive law (Equation (4)). We separate the integrals
from sets [-4/2, d] (compression part) and [d, -4/2] (tension part). Assuming the strain gradient to be
linear along the thickness direction,

& (M=y(y-d) (8)

where d is the neutral line displacement and y the curvature.
The neutral line displacement and the curvature are obtained from the experimental values:

h e +g™
d:(2+e)(g:*l’ T j 9)
gexp _gexp
_& ¢ 10
h+2e (19)



where / is the specimen thickness and e the gauge support thickness plus the adhesive film thickness

(e = 0.04 mm).
Therefore
Nicomp:aN +bN0! ; Mficomp:aM +bMa (11)
with
By h . AL T
ay =b7E1[—dh+T E—d)3 > by =-b"—(G+d) ’E, (12)
R Br3h. . h ). y" b d+R2 b
- PO gy | b, =b 2 Z+d)"™E, (13
Du b7E'{12+12(2+d)(2 ) w=b G G R (13

Since the functional has been determined, it now suffices to solve a linear system with one
equation (n being selected from the previously defined set):

o
350 (14)
i.e.
S U=g)by (OM, ()= (qay ()by (kYA +(=g)a,, (k)by, (K)) .
a= k=1 k=1

S (qby (k)2 B> +(1=)by, (k)°)
k=1

The balance factor g is chosen so as to minimize the average error in the normal force and the
bending moment:

n

1
e n=- ;N_comp(k)2 (16)
éMy :l\/ 2 M compk)=M ;o (K))? (17)
[ k=1

It is noted that the four specimens (denoted #) used for the pure bending tests differed in their
sections and fiber volume fractions. To use the whole set of values in the minimization procedure, an
equivalent bending moment is introduced:

M, exp(k):(;;) /(h“‘f)Mf W08 for el AL kellm]  (18)
K i re - Vl
y

y f
where /', is the moment of inertia and ¥’ the fiber volume fraction of a specimen i; the reference
specimen is noted ‘ref’.

The maximum compressive stress . was then computed starting with the model.

COMPRESSION BEHAVIOR: IDENTIFICATION
The model for the two materials with the optimum power (Equation (4)) is identified. The
parameters identified are presented in Table 5.
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Table 5. Constitutive law parameters of M55J and K63712
identified by pure bending tests (normalized 60% volume fiber).

Material Parameter Identification
M55J n 0.2
a (minimization error) -85.0 GPa (0.0143 N.m)
o 906 MPa
K63712 n 2
a (minimization error) -3.52e7 GPa (0.0089 N.m)
o 443 MPa

To account for the variations in the section and fiber volume fraction in the model plot, the
experimental moment is replaced by an equivalent stress (with a stress gradient assumed to be linear
in the thickness):

o =2 M, )28 for i€l 415 kell,..m] (19)
21 y f
This equivalent stress does not have any physical significance in the case of nonlinear
materials.
In addition, the measured strain has to be corrected to allow for the gauge support thickness and
adhesive film thickness:

_ h2+d ., 20
S T avdre’ 20)
_ h2-d ., .
“Th2dve” .

Starting from these definitions, the optimum models and the experimental values were plotted
(Figures 9 and 10). The constitutive law was plotted for the two materials (Figures 11 and 12). In the
case of the Dialead fibers, the power n=2 shows highly nonlinear behavior.

Analysis of the observed Dialead pure bending rupture

This pure bending test brought to light a failure mode with loss of stiffness for load controlled
in the unidirectional K63712 (Figure 7). The strains increased in a relatively stable way with a
constant load. Let us recall the failure was catastrophic on the unidirectional M55J (Figure 6). As a
rule, compression failure is catastrophic for load controlled and even for displacement controlled.
Vogler presented a complex experimental procedure to control the initiation and growth of kink
bands in uniaxial composites [19,20]. Two explanations can be found for this effect.
The first is to say (Figure 7, point A) that a local failure or several local failures are occurring and
propagating in a controlled way through the thickness of the specimen. After point A (Figure 13a),
the local failure grows slowly and a new equilibrium appears (Figure 13b). According to several
authors, the fiber microbukling initiation and propagation is matrix-dominated. The slow rate of
propagation must have been due to the viscous processes occurring in the epoxy.

10
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Figure 10. K63712 pure bending tests and models.

A second is that the relative stable propagation was due to the Dialead constitutive law (Figure
12) where point A (Figure 7) seems to coincide locally with the top of the compressive stress/strain
curve. From this loading level onwards, the maximum compressive stress was reached (Figure 14a),
the local behavior decreased and a new equilibrium appeared (Figure 14b). Again, the viscous
processes occurring in the epoxy can explain the slow rate of propagation.

The best way to describe the stable propagation of the compression failure is microscopic
analysis. In this framework of structure computation, our objective was to model the behavior of
complex structures until the rupture of the first ply (conservative approach). The model has to be as
simple as possible and hence this rupture phenomenon is not taken into account in this model.

11
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Fig. 12. K63712 constitutive law in the fiber direction.

COMPARISON BETWEEN HIGH-MODULUS FIBERS

Pitch-based carbon fibers are much less expensive than high-modulus PAN-based fibers. The first
point worth mentioning here is that M55J fibers are stronger, and that the difference between the two
materials is greater under compression than under tension loading. The compression failure stress is
approximately only half of the tension failure stress in the case of M55]J fibers and only one third in
the case of K63712 fibers. The initial stiffness of the M55]J is slightly lower (12%), but there is a
much greater loss of stiffness under compression in the case of K63712 fibers. Lastly, the density of
the composite is greater in the case of K63712 (2.12 as against 1.91 in the case of M55J).

12
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Figure 14. Local equilibrium evolution for a constant bending moment in the K63712 specimens: progressive rupture.

CONCLUSION

The Celanese pure compression test leads to premature ruptures in high-modulus carbon fibers.
The pure bending test proposed here makes it possible to define the compression behavior even in
large displacements. A nonlinear model (a power function of the strain) is proposed and a local
inverse calculation is required for the identification. The very low compressive strain at failure of
high-modulus fibers and highly nonlinear behavior of Dialead are highlighted. These tests showed
the occurrence of brittle rupture in the M55J unidirectional ply laminates and an unusual rupture
process in the Dialead unidirectional ply laminates.

The existence of this non-linearity has significant implications for drive shaft design, especially
as regards the use of Dialead fibers. Firstly, because of the decrease of the modulus, torsional
buckling computations on these materials with linear behavior tend to overestimate the critical load.
Secondly, for a better sizing of laminates up to rupture, the nonlinear elastic behavior has to be taken
into account.
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